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SECTION V I 1  

HANDLING QUALITIES AND SST ALL WEATHER LANDING 

A. INTRODUCTION AND DISCUSSION OF CRITERIA 

The s u b j e c t  of a i r c r a f t  handl ing q u a l i t i e s  tends t o  be c o n t r o v e r s i a l .  This 
i s  p a r t i a l l y  caused by semantic d i f f i c u l t i e s  experienced by v a r i o u s  groups who 
r e p r e s e n t  d i f f e r e n t  t e c h n i c a l  d i s c i p l i n e s ,  but  attempt t o  communicate wi th  each 
o t h e r  i n  an a r e a  t h a t  i s  i n h e r e n t l y  highly s u b j e c t i v e .  The i n t e n t  of t h i s  sec- 
t i o n  i s  t o  review the  so-cal led "Handling Q u a l i t i e s "  technology from t h e  s tand-  
p o i n t  o f  i t s  impl i ca t ions  on a l l  weather l and ing  techniques f o r  an SST. 

An i n q u i r y  i n t o  SST handl ing q u a l i t y  f a c t o r s  should answer t h e  fol lowing 
ques t ions :  

0 Why i s  an SST more d i f f i c u l t  t o  land t h a n  a Cessna 182 ,  a P ipe r  Cub, o r  
even a T-33? 

0 Can t h e  SST ' s  landing c h a r a c t e r i s t i c s  be improved by av ion ic s  t echn iques?  

0 What a r e  the  i m p l i c a t i o n s  of t he  SST's landing c h a r a c t e r i s t i c s  on auto-  
mat ic  landing system performance? 

A review of t h e  l i t e r a t u r e  on t h i s  sub jec t  shows t h a t  ve ry  l i t t l e  of t h e  r e s e a r c h  
t h a t  h a s  been done addresses  such ques t ions  d i r e c t l y .  Most of t h e  e f f o r t  i n  t h i s  
f i e l d  i s  concerned wi th  c e r t a i n  narrow a s p e c t s  o f  s t a b i l i t y  and c o n t r o l .  Quan- 
t i t a t i v e  c r i t e r i a  r e l a t i n g  t o  s t a b i l i t y  and c o n t r o l  have been e s t a b l i s h e d  by 
v a r i o u s  groups. These c r i t e r i a  have, i n  g e n e r a l ,  been determined from t e s t s  per-  
formed i n  s i m u l a t o r s  and v a r i a b l e  s t a b i l i t y  a i r c r a f t .  The most f r e q u e n t l y  used 
s p e c i f i c a t i o n  i s  MIL-F-8785, " X i l i t a r y  S p e c i f i c a t i o n ,  Flying Q u a l i t i e s  o f  P i l o t e d  
Airplanes" .  I t  i s  a l s o  the  most f r e q u e n t l y  m i s i n t e r p r e t e d  and abused. This 
p a r t i c u l a r  s p e c i f i c a t i o n  devotes  only a few paragraphs t o  t he  a i r c r a f t ' s  s h o r t  
pe r iod  response dynamics; t he  s u b j e c t  t h a t  has  r ece ived  most of t h e  a t t e n t i o n s  of 
t h e  r e s e a r c h  community. The remainder of t he  s p e c i f i c a t i o n  is  devoted t o  such 
handl ing q u a l i t y  c r i t e r i a  a s  c o n t r o l  f r i c t i o n  and breakout f o r c e s  , c o n t r o l  f o r c e s  
i n  a c c e l e r a t e d  f l i g h t ,  c o n t r o l  f o r c e s  i n  t a k e o f f ,  e t c .  

The m i s i n t e r p r e t a t i o n  of hand l ing  q u a l i t y  dynamic s p e c i f i c a t i o n s  has  been 
p r e v a l e n t  p r i m a r i l y  i n  r e l a t i o n  t o  the d e s i g n  of automatic s t a b i l i z a t i o n  equip- 
ment. S p e c i f i c a t i o n s  such a s  MIL-F-8785 were w r i t t e n  f o r  v e h i c l e s  w i thou t  e l e c -  
t r o n i c  augmentation. Even i f  one attempted t o  apply a l i t e r a l  i n t e r p r e t a t i o n  of 
t h e  dynamic c r i t e r i a  i n  MIL-F-8785, ambiguous r e s u l t s  can be obtained f o r  t y p i c a l  
s t a b i l i t y  augmentation systems. Consider t h e  well-known l a t e r a l  s t a b i l i t y  c r i -  
t e r i a  as an example. Lateral  dynamic performance i s  eva lua ted  i n  terms of c y c l e s  
t o  h a l f  amplitude ve r sus  the  r o l l i n g  parameter O/V, (bank angle t o  s i d e  v e l o c i t y  
r a t i o ) .  I n  t h e  unaugmented a i r c r a f t  with a pronounced du tch  roll o s c i l l a t i o n ,  
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t h e r e  i s  no quest ion regarding the measurement of  t hese  parameters.  However, i n  
a well-damped a i r c r a f t ,  the  0/V, r a t i o  cannot r e a d i l y  be i d e n t i f i e d  with a 
l a t e r a l  o s c i l l a t i o n .  The va lue  of @/V, dur ing  any t r a n s i e n t  w i l l  depend upon 
t h e  na tu re  of t he  d i s tu rbance .  Thus, we i d e n t i f y  a cyc le  t o  h a l f  amplitude or 
t h e  r e l a t e d  damping r a t i o ,  bu t  we cannot a s s o c i a t e  it wi th  a s p e c i f i c  roll t o  
s i d e  v e l o c i t y  r a t i o .  

Two main abuses a s soc ia t ed  wi th  the a p p l i c a t i o n  of dynamic handl ing q u a l i t y  
c r i t e r i a  can be noted. F i r s t ,  t h e r e  i s  t h e  gene ra l  problem of a t tempting t o  
apply them t o  a i r c r a f t  - e l e c t r o n i c  s t a b i l i z a t i o n  system combinations. Then, 
t h e r e  i s  a ques t ion  r ega rd ing  t h e  v a l i d i t y  of t he  c r i t e r i a  f o r  l a r g e  a i r c r a f t .  
The main d i f f i c u l t y  i n  the  f i r s t  category seems t o  be t h e  l a c k  of a p p r e c i a t i o n  
of a d i f f e r e n c e  between t h e  command and d i s t u r b a n c e  response.  When handl ing 
q u a l i t y  c r i t e r i a  s p e c i f y  a i r c r a f t  n a t u r a l  frequency, low f r equenc ie s  a r e  con- 
s ide red  o b j e c t i o n a b l e ,  even when w e l l  damped. A r e l a t i v e l y  simple system t o  
des ign  i s  one t h a t  provides  ve ry  s lugg i sh  and overdamped d i s tu rbance  r e sponses ,  
but  r a p i d  and p r e c i s e  command responses.  This type of system, o f t e n  r e f e r r e d  t o  
as  a Command Augmentation System,requires  e l e c t r o n i c  s i g n a l s  der ived from t h e  
p i l o t ' s  s t i c k  a s  w e l l  as  from t h e  a i r c r a f t  motion sensors .  The use  of Command 
Augmentation Systems f o r  a i r c r a f t  manual. c o n t r o l  has  not  been too p r e v a l e n t .  
The a p p l i c a t i o n  of t h e  simpler S t a b i l i t y  Augmentation System i s  considerably 
more widespread. However, t he  r e c e n t  impending i n t r o d u c t i o n  of ve ry  l a r g e  
t r a n s p o r t  a i r c r a f t  r e s u l t e d  i n  a new requirement f o r  S t a b i l i t y  Augmentation 
Systems. The ve ry  l a r g e  a i r c r a f t  have v e r y  low p i t c h  n a t u r a l  f r equenc ie s .  The 
handl ing q u a l i t y  s p e c i f i c a t i o n s  do not allow such low frequencies .  A p i t c h  
s t a b i l i t y  augmentation requirement was t h e r e f o r e  c rea t ed  t o  modify the  a i r c r a f t ' s  
p i t c h  n a t u r a l  frequency. This a r t i f i c i a l  s t i f f e n i n g  i s  e a s i l y  achieved by 
f eed ing  back a f u n c t i o n  o r  p i t c h  a t t i t u d e  o r  angle  of a t t a c k  as wel l  a s  p i t c h  
r a t e .  The f a l l a c y  i s  t h a t  i nc reas ing  t h e  p i t c h  n a t u r a l  frequency i n  t h i s  manner 
cannot speed up the  p i t c h  command response.  Indeed, a fundamental p r i n c i p l e  
involved h e r e  s t a t e s  t h a t  negat ive feedback of  a i r c r a f t  motions can only slow 
up t h e  command response.  I r o n i c a l l y ,  t h e  r eason  f o r  t he  frequency c r i t e r i a  i s  
t h a t  p i l o t s  p r e f e r  a r e l a t i v e l y  r a p i d  command response.  

The a r t i f i c i a l  s t i f f e n i n g  of an a i r c r a f t ' s  p i t c h  response a c t u a l l y  makes t h e  
a i r c r a f t  l e s s  responsive t o  commands, but  i t  w i l l  now meet t h e  handl ing q u a l i t y  
c r i t e r i a .  This can be demonstrated by r e f e r r i n g  t o  f i g u r e s  7 - l a  and b. I n  
f i g u r e  7- la ,  t h e  analogy t o  nega t ive  feedback around a f i r s t - o r d e r  system i s  
drawn. Here the  feedback gain K around an i n t e g r a t o r  determines the  time con- 
s t a n t  o f  t h e  exponen t i a l  response.  As K i s  inc reased ,  t h e  time cons t an t  i s  r e -  
duced from -c1 t o  T ~ .  

time c o n s t a n t  ( s t i f f e r  system) i s  l e s s  r e spons ive .  This analogy i s  c a r r i e d  t o  
t h e  case o f  t h e  p i t c h  response i n  f i g u r e  7 - lb .  Here a f i x e d  s t i c k  command p r o -  
duces t h e  low frequency o s c i l l a t o r y  response i n  t h e  unaugmented a i r c r a f t .  A 

Note, however, t h a t  f o r  t h e  same command i n p u t ,  t h e  s h o r t e r  
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p i t c h  r a t e  damper removes t h e  o s c i l l a t i o n s ,  bu t  t he  response i s  even more s lug-  
g i s h .  The e f f e c t  of a r t i f i c i a l  s t i f f e n i n g  shows a much higher  frequency; bu t  
f o r  t h e  same command the  a i r c r a f t  resporxe i s  reduced considerably.  

When a r t i f i c i a l  s t i f f e n i n g  of t h i s  type i s  used i n  conjunct ion wi th  v a r i a b l e  
s i s b i l i t y  a i r c r a f t ,  t h e  command i s  a l t e r e d  t o  compensate f o r  t he  e f f e c t i v e  com- 
mand g a i n  r educ t ion .  This r e q u i r e s  access t o  s t i c k  command information and an 
e l e c t r o n i c  loop t o  p rope r ly  weigh the  amount of s t i c k  command information t r a n s -  
mit ted t o  t h e  c o n t r o l  s u r f a c e  ac tua to r s .  I n  e f f e c t ,  t h e  elements of a Command 
Aggmentation System a r e  used. 

The second problem a r e a  regarding t h e  v a l i d i t y  of dynamic handling q u a l i t y  

I n i t i s l l y ,  t h e  most widely used dynamic c r i -  
c r i t e r i a  stems from the methodology by which they were ob ta ined ,  namely v a r i a b l e  
s t a b i l i t y  a i r c r a f t  f l i g h t  t e s t s .  
t e r i a  were based on the  Corne l l  Aeronaut ical  Laboratory ( C A L )  v a r i a b l e  s t a b i l i t y  
a i r c r a f t  f l i g h t  t e s t s .  
r e f e r r e d  t o  a s  t he  CAL "thumbprint".  The lower frequency p o r t i o n  of t h i s  thumb- 
p r i n t  i s  shown i n  f i g u r e  7-2 (as  derived from re fe rence  42).  The thumbprint was 
a r e s u l t  of s u b j e c t i v e  p i l o t  assessments based on a p a r t i c u l a r  type of v e h i c l e  
performing a p a r t i c u l a r  mission a t  s p e c i f i c  f l i g h t  cond i t ions .  The assumption 
t h a t  t h e s e  c r i t e r i a  could be appl ied t o  o t h e r  a i r c r a f t  f l y i n g  d i f f e r e n t  missions 
a t  d i f f e r e n t  f l i g h t  c o n d i t i o n s  i s  not  n e c e s s a r i l y  v a l i d .  Note, f o r  example, t h e  
v a r i o u s  performance comments superimposed on r e g i o n s  o f  t h e  thumbprint i n  
f i g u r e  7-2 .  The comments r ega rd ing  trim a r e  most  p r e v a l e n t ,  but t r i m  c h a r a c t e r -  
i s t i c s  have almost no r e l a t i o n s h i p  t o  n a t u r a l  frequency and damping r a t i o ,  t he  
c o o r d i n a t e s  of t h i s  p l o t .  Where t h e  l i n e a r  second-order dynamics of t h e  a i r -  
c r a f t ' s  p i t c h  response a r e  a p p l i c a b l e ,  t h e  t r i m  c h a r a c t e r i s t i c s  a r e  most i n f l u -  
enced by t h e  zero of t h e  p i t c h  t o  e l e v a t o r  t r a n s f e r  func t ion .  T h i s  ze ro  i s  a 
f u n c t i o n  of the l i f t  curve s l o p e ,  t h e  a i r c r a f t ' s  l i n e a r  momentum and t h e  dynamic 
p r e s s u r e .  Variable  s t a b i l i t y  a i r c r a f t  cannot adequately d u p l i c a t e  t h i s  charac- 
t e r i s t i c  and i t  does not  appear on the thumbprint;  y e t ,  it i s  i a  most s i g n i f i c a n t  
c o n t r i b u t o r  t o  t r i m  c h a r a c t e r i s t i c s .  A t  t h e  low f r equenc ie s ,  t he  t r i m  charac- 
t e r i s t i c s  w i l l  be inf luenced by speed change e f f e c t s ,  but t h e s e  a r e  a l s o  no t  
included i n  t h e  thumbprint. Thus, an a t t empt  t o  i n t e r p r e t  t h e  SST hand l ing  
q u a l i t y  c h a r a c t e r i s t i c  (shown i n  t h e  bad r e g i o n  of f i g u r e  7-21 i n  terms of t hese  
c r i t e r i a  can l e a d  t o  erroneous conclusions.  Neve r the l e s s ,  t h e  CAL thumbprint 
h a s  found i t s  way i n t o  a number of v e h i c l e / a u t o p i l o t  s p e c i f i c a t i o n s  where t h e  
c o n t r o l  t a s k s  were u n r e l a t e d  and t h e  a i r c r a f t  d i s s i m i l a r .  

The l o n g i t u d i n a l  handl ing q u a l i t y  c r i t e r i o n  i s  commonly 

One e f f o r t ,  s e v e r a l  y e a r s  ago ,  attempted t o  s e t  f o r t h  handl ing q u a l i t y  
d e s i g n  o b j e c t i v e s  a s  t hey  app l i ed  t o  a s p e c i f i c  c l a s s  of v e h i c l e s ,  namely C i v i l  
Transport  A i r c r a f t  ( r e f e r e n c e  43). The SAE document was an at tempt  t o  recognize 
t h a t  c i v i l  t r a n s p o r t  a i r c r a f t  a r e  bigger and heav ie r  t han  f i g h t e r  a i r c r a f t ,  and 
t h e r e f o r e  p i l o t s  would expect  them t o  f l y  d i f f e r e n t l y .  F igu re  7-3, f o r  example, 
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3.5 R a t i n g  
Boundary 

T r i m s  wel l ,  q u i c k  and Tr ims  w e l l ,  r e s p o n s e  good, 
l i v e l y  r e s p o n s e ,  I f o l l o w s  c o n t r o l  i n p u t  c l o s e l y .  
o s c i l i a t e s ~  i n  
t r a c k i n g  

Tr ims  f a i r .  
Response O K ,  
s l i g h t l y  slow. 
Nose b o b b l e s ,  
so t r a c k i n g  
d i f f i c u l t .  

BAD 

6.5 R a t i n g  
Boundary 

I S l i g h t  o s c i l l  a t   ion^ f o r  a b r u p t  
c o n t r o l ,  o t h e r w i s e  none. 

GOOD 

T r i m s  w e l l ,  r e s p o n s e  OK, 

I 
O s c i l l .  less t h a n  
5 = .2. T r a c k s  
f a i r ,  some o n l y  s l i g h t l y  slow. T r a c k s  
bobble .  w e l l .  

T r i m s  OK. Response 
a l i t t l e  slow. T r a c k i n g  
f a i r ,  some o v e r s h o o t .  

Hard t o  f i n d  t r i m .  
Nose keeps  moving, 
o v e r s h o o t  g, b u t  

T r a c k i n g  s t e a d y  b u t  
s low t o  s h i f t  aim. 

Hard t o  f i n d  t r i m .  
Overshoots  g ,  because  
nose  keeps  moving. 
T r a c k i n g  f a i r .  Show s t e a d y  t o  h o l d  g. 
t o  shaft aim, s l i g h t  
o s c i l l a t i o n .  

T r i m  h a r d  t o  -Trim f i n d .  h a r d  t o  find;- 
Response s low,  Response s l u g g i s h ,  keeps  
i n i t i a l  motion d o e s  b u i l d i n g  a f t e r  you e x p e c t  
n o t  i n d i c a t e  what f i n a l  i t  t o  s t o p .  Hard t o  t r a c k  
motion w i l l  be. P i l o t  because  o f  o v e r s h o o t ,  p i l o t  

T-. -- 
I I iiiia M. T r a c k i n g  
no good because  o f  
o s c i l l a t i o n .  S t i c k  
f o r c e  f e e l s  o s c i l l a t o r y .  

f i g h t s  a i r p l a n e ,  BAD Produces SUPERSONIC TRANSPORT 
p r o d u c e s  o s c i l l a t i o n .  o s c i l l a t i o n .  (CALCULATED) 

0 .1 .2 + 3  .4 .5 .6 .7 .8 .9 

Dampinq R q t i o  - 6 

Figure  7-2 
Pilot Rating o f  Longi tudina l  Short  Per iod 

Handling Q u a l i t i e s  
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shows t h e  l o n g i t u d i n a l  thumbprint as recommended i n  the  SA9 document. Notice 
the  much broader acceptable  a r e a  f o r  the t r a n s p o r t  a i r c r a f t .  A l so  i l l u s t r a t e d  
i s  t h e  f a c t  t h a t  most c u r r e n t  t r a n s p o r t  j e t s  do not  f a l l  i n t o  t h e  "good" 
boundary shown i n  f i g u r e  7-2. 

Another example of a t tempts  t o  improve t h e  d e f i n i t i o n  of handling q u a l i t y  
c r i t e r i a  i s  r e fe rence  44. I t  suggests t he  u s e  of time h i s t o r y  envelopes f o r  
l o n g i t u d i n a l  s t a b i l i t y  and c o n t r o l  handling q u a l i t y  c r i t e r i o n  based on v e h i c l e  
a c c e l e r a t i o n  and p i t c h  r a t e .  The u s e  of time envelopes pe rmi t s  convenient 
assessment of meeting s p e c i f i c a t i o n  requirements by avoiding ex tens ive  i n t e r p r e -  
t a t i o n  of r e s u l t s  from s imula t ion  or f l i g h t  t e s t  recordings.  Assumptions of 
second-order l i n e a r  systems a r e  no t  required.  F igu re  7-4, taken from r e f e r e n c e  
44, shows t h e  recommended time h i s t o r y  envelopes f o r  t h e  t r a c k i n g  and landing/  
approach f l i g h t  cond i t ions .  
i n t o  account p i l o t  cues a t  v a r i o u s  f l i g h t  cond i t ions .  S p e c i f i c a l l y ,  t h e  f a c t  
t h a t  t h e  p i l o t  u s e s  normal a c c e l e r a t i o n  cues a t  c r u i s e  c o n d i t i o n s ,  and p i t c h  
a t t i t u d e  cues du r ing  approach and landing c o n d i t i o n s ,  i s  r e f l e c t e d  i n  C*/F C* 
c o n t a i n s  normal a c c e l e r a t i o n ,  p i t c h  r a t e  , and v e l o c i t y  information while  F i s  
merely t h e  p i l o t  input .  For a d e r i v a t i o n  of C*/F r e f e r  t o  r e f e r e n c e  44. 

The o r d i n a t e  parameter,  C*/Fp, i s  an a t t e m p t  t o  take 

P *  
P 

P Y  

I t  i s  apparent from t h i s  b r i e f  view of t h e  a i r c r a f t  handl ing q u a l i t y  c r i t e r i a  
t h a t  t he  ques t ions  posed a t  t he  s t a r t  o f  t h i s  d i s c u s s i o n  regarding the  SST's 
landing c h a r a c t e r i s t i c s  a r e  not  answered d i r e c t l y  by t h e  c r i t e r i a  e s t a b l i s h e d  i n  
v a r i a b l e  s t a b i l i t y  a i r c r a f t  t e s t s .  Such t e s t s  have n o t ,  i n  g e n e r a l ,  been appl ied 
t o  the  l and ing  t a s k  because t h e  adequacy of  t he  v a r i a b l e  s t a b i l i t y  s imula t ion  i s  
doub t fu l .  I n  a d d i t i o n  t o  a i r c r a f t  dynamic c h a r a c t e r i s t i c s ,  such f a c t o r s  as a i r -  
c r a f t  speed,  p i l o t ' s  p o s i t i o n  and runway view, c o n t r o l  system re sponse ,  and trim 
c h a r a c t e r i s t i c s  a r e  important cons ide ra t  ions.  

B. SST LONGITUDINAL H A N D L I N G  QUALITIES 

1. P i t c h  ResDonse 

A t r e n d  i n  t r a n s p o r t  a i r c r a f t  d e s i g n  having a major e f f e c t  on l o n g i -  
t u d i n a l  handl ing q u a l i t i e s  i s  the  decreasing a spec t  r a t i o .  This r e s u l t s  i n  an 
i n c r e a s e  i n  both p i t c h  and yaw i n e r t i a  w i t h  r e s p e c t  t o  t h e  roll i n e r t i a .  The 
SST d e s i g n  w i l l  cont inue t h i s  t r end  having even l a r g e r  p i t c h  and yaw t o  roll 
i n e r t i a  r a t i o s  ( r e f e r e n c e s  45 and 46). I n  a d d i t i o n ,  t h e  p i t c h  i n e r t i a  w i l l  be 
l a r g e r  because of v e h i c l e  s i z e .  A s  a r e s u l t ,  v e h i c l e  r e sponses  t o  p i t c h  commands 
on the  SST w i l l  tend t o  be more s luggish and i n s e n s i t i v e .  I n  t h e  l i t e r a t u r e ,  
t h i s  i s  u s u a l l y  followed by a statement saying the  SST s h o r t  per iod response 
must be speeded up over t h e  e n t i r e  f l i g h t  envelope. The j u s t i f i c a t i o n  f o r  such 
a s t a t emen t  i s  quest ionable .  For example, v a r i a b l e  s t a b i l i t y  a i r c r a f t  t e s t s  i n  
r e c e n t  y e a r s  have been used t o  eva lua te  low frequency ( s h o r t  p e r i o d )  v e h i c l e  
c h a r a c t e r i s t i c s  ( r e f e r e n c e  42) .  Over 100 p i l o t s  f lew t h e  t e s t  v e h i c l e  achieving 
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good performance when they  accepted the f a c t  t h a t  they were f l y i n g  a slow r e -  
s2onding v e h i c l e .  Idhen the p i l o t s  attempted t o  g e t  t he  response,  t h e r e  jias a 
tendency t o  induce PI0 ( p i l o t  induced o s c i l l a t i o n s ) .  This i s  only n a t u r a l .  A 
p i l o t  f l y i n g  a 707 expects  i t  t o  respond more slowly than  an F-104. A i r l i n e  
p i l o t s  a r e  condi t ioned t o  f l y i n g  Comparatively slow responding a i r c r a f t .  The 
inc reased  s i z e  of t h e  SST should continue t h i s  t r end  of accept ing slower r e -  
sponses f o r  a v a r i e t y  of f l i g h t  conditic 'ns.  A p o s s i b l e  excep t ion  occurs  i n  t h e  
l and ing  phase of f l i g h t  which w i l l  be discussed l a t e r .  However, it i s  noted 
t h a t  a s l u g g i s h  response c a p a b i l i t y  can be overcome wi th  a Command Augmentation 
System. The elements of such a system a r e  being included i n  a l l  SST f l i g h t  con- 
t r o l  system designs.  

2. Short  Period DamDinE: 

Another dynamic handl ing q u a l i t y  a f f e c t i n g  p i l o t  opinion i s  the  l o n g i -  
t u d i n a l  s h o r t  per iod damping. A t  high a l t i t u d e ,  high Mach, c r u i s e  f l i g h t  con- 
d i t i o n s ,  t h e  SST i s  expected t o  have darr.ping r a t i o s  of 0.2 o r  l e s s .  Such low 
damping r a t i o s  r e s u l t  i n  poor  handling q u a l i t y  r a t i n g s  and should be inc reased .  
T h i s ,  of cour se ,  i s  e a s i l y  accomplished through the use  of convent ional  S t a b i l i t y  
Augmentation Systems. 

3 .  AuDroach and Landing 

While a preponderance o f  d a t a  e x i s t s  on the  dynamic handl ing q u a l i t i 2 s  
f o r  c r u i s e  c o n d i t i o n ,  t he  oppos i t e  i s  t r u e  f o r  t he  landing f l i g h t  cond i t ion .  
The t a s k  of ob ta in ing  handl ing q u a l i t y  d a t a  f o r  t he  landing phase of t h e  f l i g h t  
p r e s e n t s  a d i f f i c u l t  problem because of s imu la t ion  f a c i l i t y  l i m i t a t i o n s .  To 
e v a l u a t e  t h e  landing phase p r o p e r l y ,  the p i l o t  should be exposed t o  t h e  e n t i r e  
landing environment. Newer and more e l a b o r a t e  s imula to r s  a r e  being developed 
t o  reproduce more of t h i s  environment ir, a r e a l i s t i c  manner. 

The slower SST l o n g i t u d i n a l  response w i l l  a f f e c t  t h e  landing handl ing 
q u a l i t i e s  more than  i n  any o t h e r  phase of f l i g h t .  F i r s t ,  t h e  reduced response 
c a p a b i l i t y  w i l l  i nc rease  t h e  time required t o  change t h e  v e h i c l e  f l i g h t  path.  
A s  a r e s u l t ,  f l a r e  i n i t i a t i o n  on t h e  f i n a l  approach must be a t  a h ighe r  a l t i -  
tude.  C a l c u l a t i o n s  i n  r e f e r e n c e  42 i n d i c a t e  t h e  SST f l a r e  i n i t i a t i o n  p o i n t  
could be a t  an a l t i t u d e  twice a s  g r e a t  a s  t he  707 f l a r e  i n i t i a t i o n  po in t .  
Higher f l a r e  a l t i t u d e s  i n c r e a s e  t h e  range of touchdown d i s p e r s i o n s  along t h e  
runway. 

Another a i r c r a f t  c h a r a c t e r i s t i c  a f f e c t i n g  l and ing  hand l ing  q u a l i t i e s  i s  
The l i f t  due t o  c o n t r o l  s u r f a c e  t h e  v e h i c l e  l i f t  due t o  c o n t r o l  surface ( C L ~ ) .  

d e f l e c t i o n  i s  a s i g n i f i c a n t  parameter during t h e  landing phase of f l i g h t .  
F igu re  7-5 ( t a k e n  f r o m  r e f e r e n c e  45) ,  which shows l o n g i t u d i n a l  responses  t o  s t e p  
e l e v a t o r  commands, i n d i c a t e s  t h e  e f f e c t  of l a r g e  C L ~  combined wi th  i n c r e a s e  
p i t c h  i n e r t i a s  f o r  two types  of veh ic l e s .  For both a i r c r a f t ,  t h e  responses  show 
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an i n i t i a l  r e v e r s a l  i n  normal a c c e l e r a t i o n  due t o  CLg followed by a lagged r e -  
sponse i n  accordance wi th  t h e  CL,/(mV/QA) f l i g h t  p a t h  time constant .  However, 
because of t h e  l a r g e r  c o n t r o l  s u r f a c e  ( r e l a t i v e  t o  o t h e r  l i f t i n g  s u r f a c e s )  on 
t h e  SST, t h e  i n i t i a l  l o s s  i n  l i f t  i s  s i g n i f i c a n t  enough t o  r e s u l t  i n  an i n i t i a l  
loss i n  a l t i t u d e  a t  t he  v e h i c l e  cg. Normal a c c e l e r a t i o n  responses  f o r  t h e  
Boeing Model 733 SST, from s imula t ion  s t u d i e s  a t  Sperry,  a r e  shown i n  f i g u r e  7-6. 
The l and ing  approach f l i g h t  c o n d i t i o n  (FC7) has  a ve ry  s l u g g i s h  g response wi th  
a s i g n i f i c a n t  g r e v e r s a l  due t o  C L ~ .  The r e s u l t i n g  loss i n  a l t i t u d e  has  a pro- 
nounced e f f e c t  on the  p r e c i s i o n  of f i n a l  approach f l i g h t  p a t h  c o n t r o l .  

Note t h a t  although the  v e h i c l e  cg i n i t i a l  response i s  i n  the  wrong 
d i r e c t i o n ,  t h s  i n s t an taneous  cen te r  of r o t a t i o n  i s  q u i t e  forward of t h e  cg. The 
p i l o t  i s  a good d i s t a n c e  forward o f  the in s t an taneous  c e n t e r  of r o t a t i o n  ( f i g u r e  
7-5). F igu re  7-7, from r e f e r e n c e  45, shows t h e  p i l o t  t o  be 35.05 meters (115 
f e e t )  forward of t h e  landing gear  and 12.19 meters (40 f e e t )  above t h e  ground a t  
touchdown f o r  the SST. [Note t h a t  i n  t h e  l a t e s t  Boeing 2707 SST conf igu ra t ion  
t h e  p i l o t  i s  about 54.86 meters (180 f e e t )  forward of t h e  landing gea r . ]  This 
p u t s  him cons ide rab ly  forward o f  t h e  in s t an taneous  c e n t e r  of r o t a t i o n .  A s  a 
r e s u l t ,  even though the  v e h i c l e  cg i s  l o s i n g  a l t i t u d e ,  t h e  p i l o t  w i l l  experience 
what appears  t o  be t h e  proper  response a t  f l a r e  i n i t i a t i o n .  I n  a d d i t i o n  t o  
v e h i c l e  responses  a f f e c t i n g  handl ing q u a l i t i e s ,  t h e  p i l o t  l o c a t i o n  i n  the  cock- 
p i t  w i l l  a l s o  in f luence  h i s  assessment of v e h i c l e  handl ing q u a l i t i e s .  The 
l o c a t i o n  c e r t a i n l y  has an e f f e c t  on manual l and ing  touchdown cond i t ions .  Data 
on touchdown c o n d i t i o n s ,  from re fe rence  45, a r e  p l o t t e d  i n  f i g u r e  7-8. I t  should 
be emphasized t h a t  t h e  f i g u r e  7-8 p r e s e n t a t i o n  i s  a r e s u l t  of many o t h e r  f a c t o r s  
bes ides  p i l o t  l o c a t i o n  alone. The var ious handl ing q u a l i t y  e f f e c t s  d i scussed  
above a l l  come i n t o  play.  Also, such f a c t o r s  a s  increased touchdown v e l o c i t i e s  
f o r  t h e  l a r g e r  j e t s  a r e  important.  Nevertheless ,  t h e  t r e n d  toward inc reased  
d i s t a n c e s  between t h e  p i l o t  and a i r c r a f t  wheels c e r t a i n l y  has  c o n t r i b u t e d  s i g -  
n i f i c a n t l y  t o  the d a t a  p re sen ted .  

4. D i r e c t  L i f t  Control  

Use of D i rec t  L i f t  Control (DLC) f o r  improvement of v e h i c l e  handl ing 
q u a l i t i e s  i s  a method o f t e n  suggested t o  achieve improved a i r c r a f t  performance, 
e s p e c i a l l y  during the  landing phase. While l i f t i n g  s u r f a c e s  having s i g n i f i c a n t  
l i f t  c a p a b i l i t y  f o r  f l i g h t  p a t h  s t e e r i n g  may not be f e a s i b l e  i n  an SST, the  
p o s s i b i l i t y  of a u x i l i a r y  l i f t  devices  f o r  c a n c e l l i n g  t h e  adverse C L ~  e f f e c t  a r e  
promising. Resu l t s  of s t u d i e s  and f l i g h t  t e s t s  u s i n g  DLC for Navy v e h i c l e  
c a r r i e r  l and ings  a r e  r e p o r t e d  i n  r e f e r e n c e s  47 and 48. 
s tudy  by t h e  A i r  Force t o  i n v e s t i g a t e  p o s s i b l e  handl ing q u a l i t y  improvements f o r  
p a t h  modes i n  o t h e r  phases of f l i g h t .  

DLC i s  c u r r e n t l y  under 

Reference 47 r e p o r t s  on a f l i g h t  s imula to r  s tudy d i r e c t e d  toward d e t e r -  
mining t h e  improvement i n  f l i g h t  path c o n t r o l  p r e c i s i o n  through the  u s e  of DLC 
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flown manually. The simulated a i rp l ane  was a twin j e t ,  swept wing c o n f i g u r a t i o n ,  
w i th  a weight of approximately 50,000 pounds and a wing loading of about 60  
pounds per  3.28 square meters ( squa re  f o o t ) .  The p i l o t  had independent c o n t r o l  
o f  l i f t  v i a  thumb wheel switches on the c o n t r o l  s t i c k .  Twenty c a r r i e r - q u a l i f i e d  
p i l o t s  were e n l i s t e d  i n  the  s imulat ion s tudy t o  a s s e s s  t h e  e f f e c t s  of DLC on 
f l i g h t  p a t h  p r e c i s i o n  and l and ing  handling q u a l i t i e s .  A conclusion of r e f e r e n c e  
47 s t a t e s  t h a t  " d i r e c t  l i f t  c o n t r o l  i s  a m o s t  e f f e c t i v e  means of achieving b e t t e r  
and more p r e c i s e  landing approach f l i g h t  c o n t r o l  and t h a t  widespread use  o f  d i -  
r e c t  l i f t  c o n t r o l  appears t o  be imminent". However, t h e  q u a n t i t a t i v e  r e s u l t s  
showed t h e  improvement t o  be q u i t e  s m a l l ,  reducing t h e  rms a l t i t u d e  e r r o r  by 
approximately 15 percent .  A t  zero d i s t a n c e  from touchdown, r e fe rence  47 showed 
an rms a l t i t u d e  e r r o r  r e d u c t i o n  from approximately 2.13 meters (7  f e e t ]  t o  1.52 
meters  ( 5  f e e t )  u s i n g  DLC. I n  the  important a r e a  of t h e  n o t  always p r e d i c t a b l e  
p i l o t  assessment (handl ing q u a l i t i e s ) ,  r e f e r e n c e  47 s t a t e s  t h a t  " p i l o t  opinion 
was s t r o n g l y  f avorab le  t o  d i r e c t  l i f t  c o n t r o l  i n  a l l  c a s e s ,  even those wi th  
r e l a t i v a l y  good c h a r a c t e r i s t i c s  and only nominal a l t i t u d e - e r r o r  r educ t ions" .  

Reference 48 r e p o r t s  on f l i g h t  t e s t  r e s u l t s  u s i n g  DLC on the  F-8 
Crusader Navy f i g h t e r  a i r p l a n e .  The study r epor t ed  i n  r e f e r e n c e  47 assumed 
p e r f e c t  DLC;  t h a t  i s ,  l i f t  c o n t r o l  a c t u a t i o n  produced l i f t  but no p i t c h i n g  
moment. Unfo r tuna te ly ,  i n  a f l y i n g  v e h i c l e ,  t h i s  cannot be achieved. Even i f  
an i d e a l  l o c a t i o n  could be chosen, changes i n  cg caused by weight s h i f t s  and 
changes i n  aerodynamic c e n t e r  a s  a r e s u l t  of wing sweep w i l l  produce p i t c h i n g  
moments a t  some cond i t ions  of f l i g h t .  A s  a r e s u l t ,  even though the  F-8 Crusader 
i s  more r e a d i l y  adap tab le  t o  DLC than most o t h e r  a i r p l a n e s ,  a good d e a l  o f  e f f o r t  
on t h e  program was devoted t o  obtaining the  proper p i t c h i n g  moment c a n c e l l a t i o n  
a t  t he  approach f l i g h t  cond i t ion .  I n  f a c t ,  an accep tab le  means of compensation 
was a r r i v e d  a t  only a f t e r  a c t u a l  f l i g h t  t e s t s  i n  s p i t e  o f  ex tens ive  s imula t ion  
s t u d i e s  and wind t u n n e l  t e s t s .  Reference 48 concludes t h a t  " d i r e c t  l i f t  c o n t r o l  
s i g n i f i c a n t l y  i n c r e a s e s  the  p i l o t ' s  a b i l i t y  t o  c o n t r o l  g l i d e p a t h ,  and thus  r e -  
duce touchdown d i s p e r s i o n " .  The q u a n t i t a t i v e  s t a t i s t i c a l  d a t a  based on a simu- 
l a t e d  approach showed t h e  accuracy improvement t o  be r a t h e r  i n s i g n i f i c a n t .  For  
example, t h e  s t anda rd  h o r i z o n t a l  d e v i a t i o n  a t  touchdown wi th  a u t o t h r o t t l e  on was 
r e p o r t e d  t o  be 5.12 meters (16.8 f e e t )  u s i n g  normal l o n g i t u d i n a l  c o n t r o l .  Use 
of p r o p o r t i o n a l  DLC reduced t h i s  t o  2.68 meters (8.8 f e e t ) .  This cannot be con- 
s ide red  a s i g n i f i c a n t  improvement i n  accuracy,  i n  view of t h e  f a c t  t h a t  u se  of 
a u t o t h r o t t l e  alone reduced t h e  d e v i a t i o n  from 23.47 meters (77 f e e t )  t o  5.12 
meters (16.8 f e e t ) .  Therefore ,  u se  o f  DLC r e s u l t e d  i n  a v e r n i e r  improvement on 
t h e  d i s p e r s i o n  r e d u c t i o n  due t o  u s e  o f  a u t o t h r o r t l e .  Neve r the l e s s ,  i n  terms of 
p i l o t  assessment (handl ing q u a l i t i e s )  , r e f e r e n c e  48 r e p o r t s  t h a t  " a f t e r  only a 
few f l i g h t s ,  a given p i l o t  understood t h e  f u n c t i o n  of d i r e c t  l i f t  c o n t r o l  and 
accepted i t  as a s u p e r i o r  method o f  c o n t r o l l i n g  the  v e r t i c a l  parameters  of 
f l i g h t  path.  After 8 or 10 f l i g h t s ,  a p i l o t  was g e n e r a l l y  q u i t e  p r o f i c i e n t  i n  
t h e  use  of DLC and became an  e n t h u s i a s t i c  suppor t e r  of t he  concept". 
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To summarize then ,  t he  a p p l i c a t i o n  of DLC t o  t h e  manual landing problem 
appears t o  be assessed q u i t e  favorably by p i l o t s  f l y i n g  both s imdla to r s  and 
v e h i c l e s .  However, t e s t  d a t a  obtained Cioes not  bear out t he  claim of s i g n i f i c a n t  
improvement i n  f l i g h t  path accuracy. Based on t e s t  r e s u l t s  t o  d a t e ,  one must 
conclude t h a t  DLC may have a p p l i c a t i o n  t o  the SST, p r i m a r i l y  f o r  cance l l i ng  CL 
e f f e c t s .  Because of the complex r e l a t i o n s h i p  between DLC and v e h i c l e  configura-  
t i o n ,  combined wi th  s imulator  l i m i t a t i o n s ,  any s imulator  r e s u l t  obtained must be 
c a r e f u l l y  i n t e r p r e t e d  . 

6 

P r a c t i c a l  c o n s i d e r a t i o n  f o r  DLC d i c t a t e  t h a t  ve ry  s i g n i f i c a n t  improve- 
ments i n  l and ing  technique and landing handl ing q u a l i t i e s  must be demonstrated 
i n  the s imula to r  before  v e h i c l e  app l i ca t ion .  For example, t h e  DLC i s  i n  f a c t  an 
a d d i t i o n a l  l o n g i t u d i n a l  c o n t r o l  system. Therefore  , a l l  t h e  r e l i a b i l i t y  r e q u i r e -  
ments of a f l i g h t  s a f e t y  item must be imposed on t h e  system. DLC a c t u a t o r  per-  
formance must be comparable t o  the normal c o n t r o l  system a c t u a t o r s .  The problem 
of p i t c h i n g  moment compensation i s  a very d i f f i c u l t  one. On f l i g h t  t e s t s ,  
p i l o t s  r e a c t e d  favorably only a f t e r  a t r a i n i n g  per iod on the  new c o n t r o l  t a s k  
r e q u i r e d .  While t e s t  p i l o t s  and m i l i t a r y  f i g h t e r  p i l o t s  may accept  such a new 
t a s k ,  t h e  commercial a i r l i n e  p i l o t  i s  a l r e a d y  s a t u r a t e d  w i t h  complex workloads 
du r ing  l and ing  and may not r e c e i v e  DLC f avorab ly  if i t  demands new c o n t r o l  t a s k s .  

5. P i l o t  Locat ion 

Perhaps t h e  most important c h a r a c t e r i s t i c  t h a t  makes an SST d i f f e r e n t  
from t h e  p r e s e n t  day j e t s  r e l a t e s  t o  t h e  cockpi t  l o c a t i o n  wi th  r e s p e c t  t o  t h e  
a i r c r a f t  l and ing  gear.  (F igu re  7-7 shows t h e  p i l o t ' s  p o s i t i o n  i n  v a r i o u s  
a i r c r a f t . )  This  forward l o c a t i o n  a l so  exposes t h e  p i l o t  t o  l a r g e r  a c c e l e r a t i o n s  
and motions due t o  fu se l age  f l e x i b i l i t y .  Some c o n s i d e r a t i o n  i s  being given t o  
body bending s t a b i l i t y  augmenters, 'out tiie f e a s i b i l i t y  of such a technique for 
t h e  SST has  not  y e t  been e s t a b l i s h e d .  Hnwever, t h e  problem t h a t  looms as a 
major handl ing q u a l i t y  c o n s i d e r a t i o n  i s  t h e  poor view of t h e  landing gear  r e -  
l a t i o n s h i p  t o  the runway during landing. This  i s  borne out  by B-70 experience.  
That a i r c r a f t  l o c a t e d  t h e  p i l o t  considerably c l o s e r  t o  t h e  l and ing  gea r  t han  
w i l l  t h e  B2707. Never the l e s s ,  i t  was i d e n t i f i e d  as the  most s i g n i f i c a n t  problem 
encountered i n  landing t h e  B-70. A quo ta t ion  from an i n t e r v i e w  wi th  
Colonel Joseph Cotton and o t h e r  B-70 p i l o t s  i n  r e f e r e n c e  49 i l l u s t r a t e s  t h i s  
po in t .  Colonel Cotton was asked i f  the l and ing  phase i s  t h e  c r i t i c a l  p a r t  o f  
f l y i n g  a p l ane  t h i s  s i z e .  H i s  r e p l y  was: 

"1'11 answer the  ques t ion  t h i s  way. If someone s a i d  t o  me, 'Tonight  
y o u ' r e  going t o  t a k e  a group of people  i n  an XB-70 and y o u ' r e  going 
t o  Washington. What would you be concerned about? '  my answer i s  
simple - t he  l and ing  i n  Washington. The t a k e o f f ?  Your mother can 
do t h a t  if you happen t o  be busy. I t ' s  j u s t  s o  en joyab le  and com- 
f o r t a b l e  as  long as  t h e  engines keep going. En r o u t e  and a l l ?  
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C. 

No problem. But I would be concerned about t he  landing.  I ' l l  be 
frank.  
t h ing .  This a i r p l a n e  has  b e a u t i f u l  landing c h a r a c t e r i s t i c s ,  but  i t ' s  
where I ' m  s i t t i n g  t h a t  concerns me. I ' m  110 f e e t  i n  f r o n t  of t he  gear  
and 40 f e e t  i n  t h e  a i r ,  and I'm t r y i n g  t o  f ind  out  e x a c t l y  when i t ' s  
going t o  touch t h e  concrete .  T h e r e ' s  a c e r t a i n  amount of good o ld  
experienced t e c h n i c a l  guessing t h a t  goes on a s  t o  e x a c t l y  when the  
wheels a r e  going t o  touch the concrete .  And I d o n ' t  want t o  guess 
u n t i l  I ' v e  got good f i r m  concrete  and everything under me. You d o n ' t  
want t o  put i t  w i t h i n  the f i r s t  1000 f e e t .  I f  I ever  do, it won' t  
r e a l l y  be because I got used t o  i t ,  it  w i l l  be u n i n t e n t i o n a l .  I f e e l  
my landing spot  i s  about 2500 f e e t  down t h e  runway." 

T h a t ' s  what I was concerned about when I analyzed the whole 

SST LATERAL HANDLING QUALITIES 

1. In t roduc  t ion  

There a r e  many f a c t o r s  t h a t  a f f e c t  l a t e r a l  handl ing q u a l i t i e s ,  a l l  
i n t i m a t e l y  r e l a t e d  because of s i g n i f i c a n t  l a t e r a l  a x i s  coupling. Most m a t e r i a l  
w r i t t e n  on the  s u b j e c t  d i s c u s s e s  only t h e  s t a b i l i t y  type handl ing q u a l i t i e s  such 
as  a d u t c h  roll damping, roll time cons t an t ,  e t c .  One important handl ing 
q u a l i t y  c o n s i d e r a t i o n ,  not  of t he  s t a b i l i t y  type ,  concerns the v e h i c l e  roll 
moment producing d e v i c e s ,  t h e i r  l o c a t i o n ,  and t h e i r  e f f e c t  on responses  t o  
crosswinds and t u r n i n g  commands. Some comment on t h e s e  f a c t o r s  a r e  warranted 
be fo re  d i s c u s s i n g  a i r c r a f t  s t a b i l i t y  c h a r a c t e r  i s  t i c s  . 

2. Q n t r o l  Surface Locat ion 

Consider t h e  v e h i c l e  response t o  a crosswind a t  f i n a l  approach. The 
normal p i l o t  response t o  a s i g n i f i c a n t  crosswind c o n d i t i o n ,  during approach ?or 
t h e  SST v e h i c l e ,  w i l l  be a bank i n t o  t h e  wind combined w i t h  a rudder inpu t  f o r  
runway alignment. For  a crosswind coming from the l e f t ,  t h e  p i l o t  response i s  
t o  roll l e f t ,  and d e f l e c t  t h e  rudder t o  yaw r i g h t .  For t h e  v a r i a b l e  sweep wing, 
shown extended i n  f i g u r e  7-9, t h e  roll c o n t r o l  s u r f a c e s  a r e  l o c a t e d  i n  an ex- 
treme outboard p o s i t i o n ,  t h u s  providing good roll c a p a b i l i t y  because of t h e  
moment arm. Note a l s o ,  however, t h a t  a i l e r o n s  i n  t h e  d e p i c t e d  outboard condi- 
t i o n  produce "adverse yaw" (al though n o t  r e a l l y  adverse h e r e ) .  A s  a r e s u l t ,  
l e f t  roll c o n t r o l  s u r f a c e  d e f l e c t i o n  w i l l  yaw t h e  v e h i c l e  t o  t h e  r i g h t ,  t h u s  
reducing t h e  p i l o t  i npu t  rudder  requirement.  When making a t u r n ,  t he  oppos i t e  
i s  t r u e  f o r  t h i s  conf igu ra t ion .  A r i g h t  t u r n  would produce what is  t r u l y  
"adverse yaw" r e s u l t i n g  i n  t u r n  miscoordinat ion,  and thus r e q u i r i n g  more rudder 
c o n t r o l  from t h e  p i l o t .  

Consider now t h e  v e h i c l e  design shown i n  f i g u r e  7-10. Inboard roll con- 
t r o l  s u r f a c e  l o c a t i o n ,  s i m i l a r  t o  the double d e l t a  or r e t r a c t e d  v a r i a b l e  sweep 
c o n f i g u r a t i o n ,  produces sidewash e f f e c t s  on t h e  v e r t i c a l  t a i l .  The moments 
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produced by sidewash r e s u l t  i n  "proverse yaw". For example, when t h e  same cross-  
wind h i t s  t h e  v e h i c l e  dep ic t ed  i n  f i g u r e  7-10, t he  proverse yaw e f f e c t  tends t o  
produce a d d i t i o n a l  rudder requirements by t h e  p i l o t .  However, when e n t e r i n g  a 
t u r n ,  t h e  proverse yaw e f f e c t  reduces t h e  rudder requirements f o r  a coordinated 
t u r n  ( f i g u r e  7-10). 

With r e s p e c t  t o  t h e  above d i s c u s s i o n ,  t he  v a r i a b l e  sweep wing SST des ign  
w i l l  have va ry ing  handl ing q u a l i t i e s  a s  a f u n c t i o n  of f l i g h t  cond i t ion .  I n  high- 
speed f l i g h t ,  wings a f t ,  roll c o n t r o l  i s  through the  inboard roll c o n t r o l  sur- 
f a c e s  ( f l a p e r o n s )  w i th  o t h e r  roll c o n t r o l  s u r f a c e s  locked out.  I n  low speed 
f l i g h t ,  w i t h  wings forward, t h e  outboard s u r f a c e s  a r e  a c t i v a t e d .  A s  a r e s u l t ,  
t h e  sweep wing SST w i l l  e x h i b i t  adverse yaw a t  f l i g h t  cond i t ions  such as t a k e o f f ,  
t r anson ic  climb, subsonic c r u i s e ,  and l and ing  approach. Proverse yaw w i l l  be 
e x h i b i t e d  a t  f l i g h t  cond i t ions  such as end of a c c e l e r a t i o n ,  t r a n s o n i c  climb, and 
c r u i s e .  For l and ing ,  t h e  r e s u l t  i s  favorable  s i n c e  responses  t o  crosswinds a r e  
more important  than t u r n  coord ina t ion  c o n s i d e r a t i o n s .  

3. L a t e r a l  S t a b i l i t v  Tme HandlinE a u a l i t v  Considerat ions 

I n  terms o f  s t a b i l i t y  type handling q u a l i t i e s ,  even a cursory review of 
t h e  l i t e r a t u r e  w i l l  produce an overwhelming number o f  suggest ions f o r  r equ i r ed  
v e h i c l e  handl ing q u a l i t i e s ,  many f o r  the SST i n  p a r t i c u l a r .  Refer ,  f o r  example, 
t o  r e f e r e n c e s  42, 46, 50, and 51, which i n  t u r n  r e f e r e n c e  many o the r s .  A 
s p e c i f i c  example of why one must be  cau t ious  i n  applying t h e s e  c r i t e r i a  will be 
considered. 

The roll a x i s  s t a b i l i t y  parameters r e f e r r e d  t o  i n  the l i t e r a t u r e  as 
wa/w, and TR i l l u s t r a t e  t he  p o i n t .  
c h a r a c t e r i s t i c  frequency a d .  w- i s  t h e  denominator second-order c h a r a c t e r i s t i c  
i n  t h e  a / b a  t r a n s f e r  func t ion .  
appears as  a pole  i n  t h e  l a t e r a l  t r a n s f e r  func t ion .  This i s  commonly r e f e r r e d  
t o  as t h e  roll a x i s  numerator t o  dutch roll frequency r a t i o .  The p r e f e r r e d  r a t i o  
as a f u n c t i o n  of l 0 /a l ,  t h e  r o l l  t o  s i d e s l i p  r a t i o ,  i s  shown i n  f i g u r e  7-11, 
taken from r e f e r e n c e  50. 
wD somewhat l e s s  than  l / T R ,  and wi th  b f l  and bD small  and n e a r l y  equa l " ,  a good 
a i r p l a n e  w i l l  have t h e  fol lowing:  

Here 0 i s  t h e  numerator second-order 0 
u 

TR i s  t h e  roll subsidence time cons t an t  t h a t  

Reference 50 a l s o  s t a t e s  t h a t  "with TR optimum, and 

wfl/wD = 1 f o r  10/pI  smal l  

0.75 < oa/wD > 1.0 f o r  I f l /PI  l a r g e  
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F J r t h e r ,  w /w > 1 i s  u n s u i t a b l e  i n  e i t h e r  circumstance.  L e t  u s  apply t h e  above 
c r i t e r i a  t o  t h e  now obso le t e  3oeing 733 SST des ign  a t  t he  t r a n s o n i c  climb f l i g h t  
cond i t ion .  The parameters of i n t e r e s t  a r e  a s  follows: 

f j D  

I ,0/p I = 2, 7::hich i s  small 

o) /o 0.81, which i s  c lose  t o  1.0 a D =  

TR = 3 seconds,  which may be a l i t t l e  slow 

bG = 0.085, which i s  small  

bD = 0.054, which i s  small  

wo = 1.24, wD = 1.54, both somewhat g r e a t e r  t han  l / T R  

The above d a t a  meet the c r i t e r i a  q u i t e  w e l l  when cons ide r ing  t h e  roll a x i s  a lone ,  
except t h a t  TR should be smoewhat smaller .  A roll c o n t r o l  loop c l o s u r e  around 
t h i s  a i r c r a f t  w i l l  produce t h e  dynamic c h a r a c t e r i s t i c s  i l l u s t r a t e d  by t h e  r o o t  
l o c i  of f i g u r e  7-12. However, a p i l o t  assessment of  t h e  l a t e r a l  dynamic charac-  
t e r i s t i c s  would r a t e  i t  unacceptable  a t  t h i s  f l i g h t  c o n d i t i o n  because of t h e  
extremely low dutch roll damping. I n  t h i s  c a s e ,  dutch roll damping i s  e a s i l y  
improved w i t h  yaw a x i s  s t a b i l i t y  augmentation. The yaw a x i s  r o o t  l ocus  p l o t  i s  
snown i n  f i g u r e  7-13 f o r  a yaw a x i s  damper wi th  a 5-second washout. Notice t h a t  
t he  washout or an equ iva len t  compensation i s  an a b s o l u t e  n e c e s s i t y  t o  prevent  
t he  augmentation system from " f i g h t i n g "  t h e  p i l o t  i n  t u r n s .  

With t h e  yaw a x i s  accounted f o r ,  l e t  u s  go back and r e -eva lua te  t h e  roll 
a x i s  c r i t e r i a .  The O/ba t r a n s f e r  f u n c t i o n  r o o t  l ocus  p l o t  i s  shown i n  f i g u r e  
7-14. Due t o  l a t e r a l  a x i s  coupl ing,  t he  roll a x i s  l o o k s  q u i t e  d i f f e r e n t  t han  i n  
f i g u r e  7-12 because of t h e  yaw a x i s  augmentation, I n  p a r t i c u l a r ,  a l l  second- 
o rde r  p o l e s  and ze ros  e x h i b i t  good damping c h a r a c t e r i s t i c s .  A p i l o t  f l y i n g  t h i s  
v e h i c l e  would not  be concerned aboutwO/aD because the dutch r o l l  i s  welT damped. 
Furthermore,  w /w has  r e a l l y  no meaning because t h e  yaw a x i s  l o o p  c l o s u r e  has 
introduced an a d d i t i o n a l  mode r e s u l t i n g  i n  two second-order poles .  I n  a d d i t i o n ,  
a simple lagged roll response,  descr ibed by T R Y  no longer  e x i s t s  a s  such because 
of t h e  a d d i t i o n a l  dominant r o l l  modes introduced.  

O D  

It  i s  u s u a l l y  q u i t e  d i f f i c u l t  t o  o b t a i n  good l a t e r a l  dynamic performance 
i n  most modern a i r c r a f t  without  a yaw damper operated through the  rudder (or 
rudde r s ) .  I n  high performance a i r c r a f t ,  a yaw damper alone i s  o f t e n  not ade- 
quate.  For some c o n d i t i o n s ,  u s u a l l y  those  a t  t h e  h ighe r  ang le s  of a t t a c k ,  a 
roll damper i s  t h e  more e f f e c t i v e  means of damping the  du tch  roll o s c i l l a t i o n s .  
The s imultaneous use  of both yaw and roll dampers can y i e l d  e x c e l l e n t  l a t e r a l  
handl ing q u a l i t i e s .  Indeed many of the c u r r e n t  j e t  t r a n s p o r t s  t h a t  a r e  equipped 
wi th  yaw dampers can achieve a s i g n i f i c a n t  improvement i n  t h e i r  l a t e r a l  handling 
c h a r a c t e r i s t i c s  a t  t h e  approach cond i t ions  i f  t hey  had roll dampers. The problem 
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i s  compounded by the f a c t  t h a t  some of  t h e  c u r r e n t  a i r c r a f t  do not  employ t h e i r  
yaw dampers during f i n a l  approach. The s i t u a t i o n  f o r  the SST, hovever,  i s  T E C ~  

more promising. A l l  SST designs thus  f a r  have been committed t o  the f u l l - t i m e  
use  of u l t r a r e l i a b l e  roll and yaw dampers .  If the  yaw damper a l s o  included a 
t u r n  coord ina t ion  c a p a b i l i t y ,  e x c e l l e n t  l a t e r a l  handling q u a l i t i e s  can be 
achieved. 

D. CONCLUSIONS 

1. C h a r a c t e r i s t i c s  of an SST which make i t  a p o t e n t i a l l y  d i f f i c u l t  a i r c r a f t  
t o  handle  i n  i t s  approach and landing a r e  as follows: 

0 Somewhat higher  approach speeds than  c u r r e n t  j e t s  ( c u t  d e c i s i o n  
t imes)  

0 Larger a i r c r a f t  i n e r t i a s  resulTing i n  a slower a t t i t u d e  and f l i g h t  
p a t h  change c a p a b i l i t y  

0 R e l a t i v e l y  l a r g e  p i t c h  con t ro l  s u r f a c e s  r e s u l t i n g  i n  a s i g n i f i c a n t  
normal a c c e l e r a t i o n  r e v e r s a l  ef'fect during p i t c h  maneuvers 

0 Unaugmented l a t e r a l  dynamics which a r e  not adequate f o r  p r e c i s i o n  
approach f l i g h t  p a t h  c o n t r o l  

0 Location of t he  p i l o t  about 54.86 meters (180 f e e t )  forward of t he  
landing gear  providing a poor v i s u a l  r e f e r e n c e  f o r  touchdown con- 
t r o l  and runway s t e e r i n g .  I t  i s  a l s o  s i g n i f i c a n t l y  forward o f  t h e  
cg and consequently c o n t r i b u t e s  t o  a p o s s i b i l i t y  of erroneous 
i n t e r p r e t a t i o n  of a c c e l e r a t i o n  cues. 

2. A Command Augmentation System r a t h e r  t han  t h e  convent ional  S t a b i l i t y  Aug- 
mentat ion System should be used t o  compensate f o r  i nhe ren t  s l u g g i s h  l o n g i t u d i n a l  
response.  Such a system uses s i g n a l s  from t h e  p i l o t ' s  c o n t r o l  column ( f o r c e  o r  
p o s i t i o n  s e n s o r s )  i n  con junc t ion  w i t h  a i r c r a f t  motion senso r s  (gyro and a c c e l e r -  
ometers) t o  shape t h e  a i r c r a f t ' s  response i n  accordance w i t h  d e s i r e d  c r i t e r i a .  
The i n t e n t  of such a system i s  not t o  make t h e  SST respond l i k e  a f i g h t e r  a i r -  
c r a f t .  Handling q u a l i t y  c r i t e r i a  t h a t  s p e c i f y  a r e l a t i v e l y  h igh  shor t  pe r iod  
p i t c h  n a t u r a l  frequency a r e  not app l i cab le  t o  l a r g e  t r a n s p o r t  a i r c r a f t .  

3. D i r e c t  l i f t  c o n t r o l  has  a p o t e n t i a l  a p p l i c a t i o n  i n  t h e  SST as a means of 
c a n c e l l i n g  the  t r a n s i e n t  normal a c c e l e r a t i o n  r e v e r s a l  e f f e c t  produced by t h e  
p i t c h  c o n t r o l  su r f aces .  This can improve l o n g i t u d i n a l  handl ing c h a r a c t e r i s t i c s ,  
but a t  t he  expense of an a d d i t i o n a l  f l i g h t  c o n t r o l  subsystem and i t s  a s s o c i a t e d  
r e 1  i a b i l  i t y  hazards  . 

4. SST's w i l l  probably be equipped w i t h  f u l l - t i m e ,  f a i l - o p e r a t i o n a l  yaw and 
roll dampers. The yaw damper should inc lude  an automatic t u r n  coord ina t ion  

I 
I 
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f u n c t i o n .  This should provide l a t e r a l  c o n t r o l  c h a r a c t e r i s t i c s  t h a t  a r e  supe r io r  
t o  those  of p re sen t  day j e t  t r a n s p o r t s .  B e t t e r  l a t e r a l  s t e e r i n g  on the  f i n a l  
approach p a t h  w i l l  t h e r e f o r e  be poss ib l e  wi th  the  SST. 

5. Automatic landing systems can p r o f i t  from the  a v a i l a b i l i t y  of a more 
s t a b l e  a i r f rame r e s u l t i n g  from the  f u l l - t i m e  l a t e r a l  dampers. This permits  
b e t t e r  l a t e r a l  s t e e r i n g  c o n t r o l  for automat,ic a s  wel l  as manual landing.  The 
h ighe r  a i r c r a f t  i n e r t i a s  cause a slower f l i g h t  pa th  change c a p a b i l i t y .  This can- 
not  be compensated by Command o r  S t a b i l i t y  Augmentation Systems. This charac-  
t e r i s t i c  w i l l  n e c e s s i t a t e  h i g h e r  flareout,  a l t i t u d e s  and cause a tendency toward 
a l a r g e r  d i s p e r s i o n  o f  runway touchdown p o i n t s .  
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SECTION V I 1 1  

ELECTRONIC FLIGHT CONTROL SYSTEM CONFIGURATIONS 

A. I N T R O D U C T I O N  

This  s e c t i o n  d i s c u s s e s  v a r i o u s  e l e c t r o n i c  f l i g h t  c o n t r o l  c o n f i g u r a t i o n s  
a p p l i c a b l e  t o  the  SST. The e l e c t r o n i c  f l i g h t  c o n t r o l s  encompass the  f u n c t i o n s  
of S t a b i l i t y  Augmentation System (SAS), Autopi lot  System (APS) i nc lud ing  auto- 
p i l o t  c o n t r o l  and f l i g h t  d i r e c t o r  d i s p l a y  computation, and E l e c t r o n i c  Command 
System (ECS) t h a t  provides  manual con t ro l  computation. It i s  shown t h a t  t he  
e l e c t r o n i c  c o n t r o l  c o n f i g u r a t i o n s  and o v e r a l l  c o n t r o l  system complexity and r e -  
l i a b i l i t y  a r e  t o  a g r e a t  e x t e n t  determined by t h e  b a s i c  manual c o n t r o l  system 
c o n f i g u r a t i o n .  Since the  e l e c t r o n i c  f l i g h t  c o n t r o l  systems a r e  e s s e n t i a l  t o  t he  
automatic  l and ing  mission,  it i s  important t h a t  the i n t e g r a t i o n  t a s k  consider  t he  
c h a r a c t e r i s t i c s  of t he  manual con t ro l s .  

B. BACKGROUND INFORMATI ON 

P r i o r  t o  t h e  i n t r o d u c t i o n  of the cur:-ent j e t  t r a n s p o r t s ,  t he  need for e l e c -  
t r o n i c  c o n t r o l  systems for o t h e r  than p i l o t  r e l i e f  could be s e r i o u s l y  quest ioned.  
Advancements i n  f l i g h t  c o n t r o l  technology were p r i m a r i l y  demanded by m i l i t a r y  
a i r c r a f t  and/or space a p p l i c a t i o n s  where inc reased  automation and r e l i a b i l i t y  
were r e q u i r e d  f o r  mission success .  A t  t h e  p r e s e n t  t i m e ,  however, t he  r a p i d  ex- 
pansion of commercial a i r  t r a n s p o r t a t i o n  has  introduced av ion ic s  requirements  
t h a t  have overtaken m i l i t a r y  demands i n  many a reas .  T r a f f i c  congest ion,  t he  
a n t i c i p a t e d  economics afforded by an a l l  weather l and ing  c a p a b i l i t y ,  and the  
apparent  advantages of minimizing t r i p  time have coupled and i n t e r a c t e d  t o  
sponsor advancements i n  the  s t a t e  of the a r t  of  commercial e l e c t r o n i c  Y l i g i i L  
c o n t r o l  systems. 

The needs a r e  c l e a r l y  de f ined  and the  i n t u i t i v e  and obvious s o l u t i o n s  a r e  
o f t e n  a v a i l a b l e ,  but t he  s o l u t i o n s  are  not  r e a d i l y  accepted. A s  i n  t he  p a s t ,  
time and educa t ion  a r e  r equ i r ed  t o  ga in  acceptance through experience of any 
change i n  c o n t r o l  system philosophy. The concept and need f o r  power a c t u a t i o n  
dev ices  between t h e  p i l o t  and t h e  c o n t r o l  s u r f a c e s  can be c i t e d  a s  an example. 
I n t e r i m  s o l u t i o n s  involving aerodynamic boost  or t a b  c o n t r o l  delayed t h e  a p p l i -  
c a t i o n  of hydrau l i c  power con t ro l s .  Only when i t  was found t h a t  p i l o t s  could no 
longe r  p h y s i c a l l y  cope wi th  the  c o n t r o l  power requirements  d i d  the  o p e r a t o r s  
accep t  and r e l y  upon powered c o n t r o l s .  There were compromises, of course.  
Hydraul ic  systems became more complex and maintenance d i f f i c u l t i e s  were expe r i -  
enced, but  t h e  u s e  of powered c o n t r o l s  was no longer  chal lenged.  

Automatic c o n t r o l  f o r  p i l o t  r e l i e f  and S t a b i l i t y  Augmentation Systems (SAS) 
providing inc reased  damping were r e a d i l y  accepted because t h e  p i l o t  s t i l l  had 
c o n t r o l  i n  two ways. H e  could e i t h e r  u s e  or not  u s e  t h e s e  f u n c t i o n s  and, while  
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t a k i n g  advantage of t h e  f u n c t i o n ,  s t i l l  maintain complete con t ro l  of t h e  a i r c r a f t  
through t h e  manual c o n t r o l s .  S t a b i l i t y  Augmentation Systems have t r a d i t i o n a l l y  
been of l i m i t e d  a u t h o r i t y .  They operate  i n  s e r i e s  w i th  t h e  p i l o t  i npu t s  such 
t h a t  any f a i l u r e s  can be compensated for by manual inputs .  A i r c r a f t  have been 
designed t o  have acceptable  ( b u t  marginal) dmaping without  SAS. Handling q u a l i -  
t i e s  have been brought t o  an acceptable  l e v e l  by a d d i t i o n  of complex and heavy 
mechanical pneumatic or hydrau l i c - f ee l  systems. Automatic p a t h  and p i l o t  r e l i e f  
t ype  c o n t r o l  i n p u t s  have been t r a d i t i o n a l l y  introduced i n  p a r a l l e l  w i th  p i l o t  
manual i npu t s .  They a r e  given l i m i t e d  f o r c e  a u t h o r i t y  so  t h a t  t h e  p i l o t  can 
overpower automatic i n p u t s  with r e l a t i v e l y  low f o r c e  l e v e l s .  Thus, t he  com- 
merc i a l  p i l o t ' s  a u t h o r i t y  has  not been s e r i o u s l y  challenged t o  d a t e  by dependence 
on automatic c o n t r o l .  

Aerodynamic d e s i g n  problems associat3d wi th  providing economical f l i g h t  per-  
formance i n  the  l a t e s t  j e t  t r a n s p o r t s  have forced r e l i a n c e  upon S t a b i l i t y  Aug- 
mentat ion Systems t o  a l i m i t e d  degree.  Thus, t h e  Boeing 727 a i r c r a f t  has  dual  
rudder  s u r f a c e s  d r i v e n  by dua l  SAS computers and t h e  loss of one of t h e s e  sys-  
tsms r e s u l t s  i n  r e s t r i c t e d  and l e s s  economical f l i g h t  ope ra t ion .  I n  a d d i t i o n ,  
t h e  727 design a n t i c i p a t e d  the  requirement f o r  low l e v e l  o p e r a t i o n  under auto- 
matic c o n t r o l .  I t  provided f o r  d u a l ,  independent,  mechanically l i m i t e d ,  auto-  
mat ic  f a i l - s a f e  c o n t r o l  of t h e  landing phase. Automatic c o n t r o l  i s  s t i l l  of 
l i m i t e d  a u t h o r i t y  and e a s i l y  overpowered a t  t h e  d i s c r e t i o n  of t h e  p i l o t  a t  
r e l a t i v e l y  low f o r c e  l e v e l s  app l i ed  a t  t he  column. The f e e l  system, i n  o rde r  t o  
provide accep tab le  handl ing q u a l i t i e s  f o r  manual c o n t r o l  and t o  ensure t h a t  t he  
a u t o p i l o t  a u t h o r i t y  i s  p rope r ly  c o n t r o l l 2 d ,  i s  ve ry  complex; bu t  i t  i s  con- 
s ide red  r e l i a b l e .  

i n  summary, as  t h e  demands for autornalic coiltlioi have grown, increased 
emphasis has  been placed upon des ign  of complex f e e l  and mechanical c o n t r o l  sys- 
tems. The concept o f  automatic  con t ro l  has  been recognized,  bu t  i n  a roll which 
imposed a d d i t i o n a l  d e s i g n  c o n s t r a i n t s  and inc reased  t h e  complexity of t h e  b a s i c  
manual c o n t r o l s .  

One might observe t h a t  t h e  manual c o n t r o l  complexity i s  i n  d i r e c t  p r o p o r t i o n  
t o  t h e  l a c k  of confidence i n  t h e  r e l i a b i l i t y  of t h e  e l e c t r o n i c  c o n t r o l s .  
H L s t o r i c a l l y ,  t h i s  l a c k  of confidence can be r a t i o n a l i z e d .  However, i f  we e x t r a -  
p o l a t e  e l e c t r o n i c  r e l i a b i l i t y  t o  i t s  p r e d i c t e d  p o t e n t i a l ,  t h e  mechanical and 
h y d r a u l i c  dev ices  r e p r e s e n t  t he  g r e a t e r  r e l i a b i l i t y  hazard.  The ques t ions  which 
must be answered a t  any time when a f l i g h t  c o n t r o l  system des ign  i s  undertaken 
are :  How much can one depend upon p red ic t ed  r e l i a b i l i t y  of e l e c t r o n i c s ,  and 
how g r e a t  a d e p a r t u r e  from conventional ph i lo soph ies  w i l l  be accepted? D i f f e r e n t  
d e s i g n e r s  weigh t h e s e  problems d i f f e r e n t l y  a t  any given time. This can be 
i l l u s t r a t e d  by a review of approaches t aken  by t h r e e  SST d e s i g n  groups a t  
Lockheed, Boeing, and Sud BAC. The method of i n t e g r a t i n g  t h e  manual and auto- 
mat ic  c o n t r o l s  w i t h  t h e  c o n t r o l  surface a c t u a t o r s  have been d i f f e r e n t  f o r  t h e  
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t h r e e  SST a i r c r a f t  i d e n t i f i e d  with these manufacturers.  It  should be emphasized 
t h a t  t h e  c o n f i g u r a t i o n s  c i t e d  i n  the  following d i s c u s s i o n  a r e  not n e c e s s a r i l y  
t h e  f i n a l  conf igu ra t ions  t h a t  would be committed by t h e s e  manufacturers t o  pro- 
d u c t i o n  a i r c r a f t .  Table 8-1 summarizes t h e  number of h y d r a u l i c  a c t u a t o r s  
employed i n  t h e  t h r e e  d i f f e r e n t  approaches f o r  p o s i t i o n i n g  c o n t r o l  su r f aces .  
The number v a r i e s  from 78 f o r  a r ecen t  Boeing design t o  11 f o r  t h e  Concorde. 
Note t h a t  d u a l  tandem or t r i p l e x  tandem a c t u a t o r s  have been counted a s  s i n g l e  
a c t u a t o r s .  

TABLE 8-1 
ACTUATOR SUMMARY 

(ALL AXES)* 

c 

Par a1 1 e l  
Actuators  

12 6 T r i p l e x  
tandem 
boost p l u s  

6 Autopi lot  
i n t e g r a t e d  

Dual 
tandem 
e l e c  t r o -  
hydr a u l  i c 

3 

1 2  6 Boost p l u s  

i n t e g r a t e d  
6 Autopi lot  

S e r i e s  Actuators  

9 

0 
( E l e c t r i c a l  s i g n a l s  

t o  d i r e c t l y  t o  
surf  ace a c t u a t o r s  1 

9 

Surf ace 

43 24 Elevon 
18 Rudder 

8 Dual 
tandem 
e l e c  t r o -  
mechanical 

57 6 S t a b i l i z e r  
3 Rudder 
12 S p o i l e r  
24 Flaperons 
6 Ailerons 
6 S t a b i l i z e r  

f l a p s  

* T r i m ,  f e e l ,  and dwell  servos f o r  programming l i n k a g e s ,  wing p o s i t i o n ,  e t c ,  
not included. 

To ta l  
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F i r s t ,  l e t  u s  review t h e  requirements f o r  automatic or  e l e c t r o n i c  c o n t r o l  a s  
recognized by a l l  major SST s u p p l i e r s  i n  common. The fol lowing requirements  
e x i s t  for a t  l e a s t  a major p a r t  o f  the SST mission: 

1. A S t a b i l i t y  Augmentation System (SAS) i s  r equ i r ed  i n  a t  l e a s t  two axes 
t o  damp t h e  s h o r t  per iod o s c i l l a t i o n s  of t h e  a i r c r a f t .  Based on p resen t  system 
r e 1  i a b i l  i t y  technology , a f a i l - o p e r  a t  i o n a l ,  f a i l - s a f e  system c h a r a c t e r  i s  t i c  i s  
demanded i n  t h e  e l e c t r o n i c  implementation t o  meet mission r e l i a b i l i t y  
requirements .  

2. An Automatic F l i g h t  Control System (AFCS) t o  provide f o r  climb and 
descen t  p r o f i l e  c o n t r o l ,  c r u i s e  c o n t r o l ,  and automatic landing c o n t r o l  i s  r e -  
quired.  A minimum of f a i l - s a f e  f a i l u r e  c h a r a c t e r i s t i c s ,  and i n  t h e  case  of 

8-3 



automatic  l and ing ,  a f a i l - o p e r a t i o n a l ,  f a i l - s a f e  f a i l u r e  c h a r a c t e r i s t i c  based 
upon s a f e t y  requirements and p resen t  e l e c t r o n i c  system r e l i a b i l i t y  technology 
i s  demanded, 

3. An E l e c t r o n i c  Command System (ECS) (some form of fly-by-wire) i s  r equ i r ed  
t o  augment the  b a s i c  manual c o n t r o l s  t o  cope wi th  the  suspected inadequacies o f  
convent ional  mechanical hydrau l i c  manual c o n t r o l s  f o r  long f l e x i b l e  a i r c r a f t .  
(Pure mechanical-hydraulic or e l e c t r o h y d r a u l i c - f e e l  systems and t r ansmiss ion  of 
manual i n p u t s  t o  c o n t r o l  s u r f a c e  a c t u a t o r s  a r e  considered inadequate and depended 
upon only f o r  t h e  emergency manual c o n t r o l  mode.) 

C. CONTROL SYSTEM MECHANIZATION PHILOSOPHY 

The fol lowing i s  a b r i e f  d e s c r i p t i o n  of Concorde (Sua ) ,  Lockheed, and 
Boeing c o n t r o l  approaches. D e t a i l s  of t h e  a c t u a t o r  and d a t a  t r ansmiss ion  imple- 
mentat ions a r e  given i n  Appendix A. These t h r e e  b a s i c  f l y i n g  c o n t r o l  mechaniza- 
t i o n  ph i losoph ies  a r e  i l l u s t r a t e d  i n  f i g u r e s  8-1, 8-2, and 8-3. The Concorde 
System, f i g u r e  8 - l a  and b y  i s  cha rac t e r l zed  by s i m p l i c i t y  of design.  The 
p a r t i t i o n  p r i n c i p l e  of redundant su r face  c o n t r o l  i s  u t i l i z e d  ( f i g u r e  8 - l a ) ,  
t h r e e  sets  of e levons and t w o  rudders.  Referr ing t o  f i g u r e  8 - l b ,  each s u r f a c e  
i s  c o n t r o l l e d  i n  a redundant f a s h i o n  by two e l e c t r o h y d r a u l i c  l i n k s  and a backup 
mechanical-hydraulic l i n k .  I n  o p e r a t i o n ,  one e l e c t r o h y d r a u l i c  l i n k  i s  used as 
primary, w i th  the second a v a i l a b l e  i n  case of f a i l u r e .  Following f a i l u r e s  o f  
both e l e c t r o h y d r a u l i c  l i n k s  , t h e  mechanlcal-hydraulic mode i s  a c t i v a t e d .  This  
sequence of c o n t r o l  r e v e r s i o n  coupled wi th  the  redundant s u r f a c e s  a f f o r d s  a h igh  
mission r e l i a b i l i t y .  The unique f e a t u r e s  of t h e  Concorde d e s i g n ,  i n  a d d i t i o n  t o  
primary manual c o n t r o l  through fly-by-wire,  l i e s  i n  t h e  i n t e g r a t i o n  of t h e  
S t a b i l i t y  Augmentation and Automatic F l i g h t  Control  System func t ions .  No addi- 
t i o n a l  h y d r a u l i c  a c t u a t o r s  a r e  u t i l i z e d .  The s u r f a c e  power c o n t r o l s  and boost  
a c t u a t o r s ,  which a r e  both dua l  tandem, a r e  f i t t e d  wi th  electromagnet ic  t o r q u e r s .  
The SAS e l e c t r o n i c  s u r f a c e  command s i g n a l s  a r e  added t o  t h e  p i l o t ' s  manual con- 
t r o l  e l e c t r i c a l  commands t o  t h e  surface power a c t u a t o r s .  The a u t o p i l o t  s i g n a l s  
a r e  introduced through t h e  boost a c t u a t o r s  of t h e  backup mechanical-hydraulic 
s e rvos  t o  t h e  c o n t r o l  s u r f a c e s .  The r e s u l t a n t  system, wh i l e  being more complex 
i n  terms of manual c o n t r o l  over t he  conventional dua l  tandem mechanical- 
h y d r a u l i c  system, i s  l e s s  complex than many c u r r e n t  redundant systems when 
SAS-APS f u n c t i o n s  a r e  introduced. 

I n  c o n t r a s t ,  l e t  u s  consider  one c o n f i g u r a t i o n  proposed by Lockheed ( f i g u r e  
8-2a and b ) .  Here, t h e  number of c o n t r o l  s u r f a c e s  a r e  inc reased ;  four  v e r s u s  
t h r e e  s e t s  of e levons and t h r e e  versus  two rudde r s  (as shown i n  f i g u r e  8-2a) .  
The g r e a t e s t  d i f f e r e n c e ,  however, l i e s  i n  t h e  redundancy philosophy. Lockheed 
a n t i c i p a t e d  a g r e a t e r  need f o r  redundancy than  Sud Aviat ion ( f i g u r e  8-2b). 
F i r s t ,  two independent mechanical-hydraulic l i n k s  t o  t h e  c o n t r o l  s u r f a c e s  ( p i l o t  
and c o p i l o t )  a r e  maintained similar to p r e s e n t  day, mechanical-hydraulic systems. 
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Second, s i n c e  mul t ip l e  s u r f a c e s  a r e  employed, a choice i s  made t o  d i v i d e  the  
s u r f a c e s  between the  p i l o t  and cop i lo t .  I n  t he  primary manual c o n t r o l  mode, 
p i l o t  and c o p i l o t  s t i c k s  a r e  connected such t h a t  a l l  s u r f a c e s  a r e  c o n t r o l l e d  by 
e i t h e r  p i l o t .  Upon disconnect  a t  t he  op t ion  of t he  crew, su r face  c o n t r o l  i s  

s ? l i t .  Next, each c o n t r o l  su r f ace  i s  d r i v e n  by t r i p l e x  mechanical-hydraulic 
a c t u a t o r s  ve r sus  d u a l  a c t u a t o r s  in  the Concorde. P i l o t  o r  c o p i l o t  manual c o n t r o l  
i n p u t s  a r e  boosted by t r i p l e x  tandem a c t u a t o r s  which e x e r c i s e  the c o n t r o l  va lves  
of t h e  s u r f a c e  a c t u a t o r s .  I n  a d d i t i o n ,  s i n c e  t h e  mechanical-hydraulic l i n k s  a r e  
suspec t  i n  terms of f r i c t i o n  and dead s p o t ,  t h e  primary manual mode r e l i e s  upon 
t r i p l e x  e l e c t r o h y d r a u l i c  l i n k s  u t i l i z i n g  nine a d d i t i o n a l  SAS a c t u a t o r s  ( t r i p l e x  
yaw, roll, and yaw SAS a c t u a t o r s )  which supply mechanical i npu t s  t o  t h e  s u r f a c e  
a c t u a t o r s .  Thus, t h e  primary manual c o n t r o l  mode i s  dependent upon t r i p l e x  sur- 
f a c e  a c t u a t o r s ,  t r i p l e x  tandem boost  a c t u a t o r s ,  and t r i p l e x  e l e c t r o h y d r a u l i c  SAS 
a c t u a t o r s  ( p r i o r  t o  f i r s t  f a i l u r e )  a s  opposed t o  t h e  Concorde which u t i l i z e s  
one-half of a dua l  boost and one-half of a d u a l  tandem power a c t u a t o r  per 
s u r f  ace. 

Addit ional  complexity i s  encountered i n  t h e  philosophy of i n t e g r a t i o n  of t he  
automatic  c o n t r o l  commands w:th t h e  manual c o n t r o l  system. SAS s i g n a l s  a r e  
introduced through t h e  t r i p l e x  s e t s  of s e r i e s  a c t u a t o r s  which a r e  a l s o  employed 
t o  augment manual c o n t r o l .  T r i p l e x  autcmatic c o n t r o l  i n p u t s  a r e  introduced 
through independent dua l  s e t s  ( p i l o t  and c o p i l o t )  of a u t o p i l o t  a c t u a t o r s .  Thus, 
1 2  a d d i t i o n a l  a c t u a t o r s  a r e  employed f o r  APS commands and nine a c t u a t o r s  for SAS 
i n  a d d i t i o n  t o  t h e  t r i p l e x  s p l i t  surface c o n t r o l  system employed f o r  manual 
c o n t r o l .  

The Boeing system, i l l u s t r a t e d  i n  f i g u r e  8-3a, appears as complex as the  
Lockheed design.  However, t h i s  impression i s  l a r g e l y  t h e  r e s u l t  of' t n e  a i r c r a f t  
d e s i g n  and not s o  much t h e  c o n t r o l  system philosophy. More s u r f a c e s  a r e  r equ i r ed  
due t o  t h e  v a r i a b l e  sweep wing  design,  In s t ead  of e levons and rudde r s ,  t h e  
Boeing SST uses  rudde r s ,  s t a b i l i z e r s ,  s p o i l e r s ,  f l a p e r o n s  and a i l e r o n s .  The 
c o n t r o l  system philosophy i s  r e l a t i v e l y  s imple,  as shown i n  f i g u r e  8-3b. P i l o t  
and c o p i l o t  c o n t r o l  columns c o n t r o l  a l l  s u r f a c e s  and a r e  coupled i n  the  normal 
manual mode. P rov i s ions  f o r  disconnect  a r e  made. Each c o n t r o l  s u r f a c e  employs 
t r i p l e x  mechanical-hydraulic a c t u a t o r s ,  as i n  t h e  Lockheed design.  The c o n t r o l  
s u r f a c e  a c t u a t o r s  a r e  commanded by e i t h e r  t r i p l e x  s e t s  of s t a b i l i t y  augmentation 
a c t u a t o r s  o r  t r i p l e x  s e t s  of  boost ac tua to r s .  The t r i p l e x  s e t s  of boost  actu-  
a t o r s  a r e  commanded e i t h e r  by t r i p l e x  s e t s  of f o r c e  summing E l e c t r o n i c  Command 
Ac tua to r s  (ECS) o r  d i r e c t l y  by manual c o n t r o l  inputs .  I n  t h e  primary manual 
p i t c h  roll c o n t r o l  mode, e l e c t r o n i c  fly-by-wire c o n t r o l  i s  exe rc i sed  through 
t h e  ECS a c t u a t o r s ,  through t h e  boost  a c t u a t o r s  t o  t h e  s u r f a c e  a c t u a t o r s  (backed 
up i n  case  of f a i l u r e s  by t h e  d i r e c t  mechanical l i n k  t o  t h e  boost a c t u a t o r s ) ,  
and augmented by t h e  s e r i e s  SAS ac tua to r  i n p u t s  t o  t h e  s u r f a c e  c o n t r o l  a c t u a t o r s .  
It i s  i n t e r e s t i n g  t o  note  t h a t  t h i s  con t ro l  phi losophy,  d e s p i t e  t h e  inc reased  
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number o f  c o n t r o l  su r f aces  does not  s u f f e r  p r o p o r t i o n a l l y  t o  t h e  Lockheed des ign  
(78 v e r s u s  63 a c t u a t o r s  for 19 v e r s u s  11 c o n t r o l  s u r f a c e s ,  r e s p s c t i v e l y ) .  

The Concorde des ign  r e p r e s e n t s  an a t tempt  a t  t h e  utmost i n  s i m p l i c i t y  and 
y e t  appears  t o  a f fo rd  a mission r e l i a b i l i t y  c o n s i s t e n t  w i th  s t a t e -o f - the  a r t  
advancement. The Lockheed des ign  r e p r e s e n t s  a conse rva t ive  approach t o  cover 
a l l  con t ingenc ie s  or doubts .  The Boeing d e s i g n  r e p r e s e n t s  a compromised con- 
s e r v a t i v e  approach coupled w i t h  an at tempt  t o  advance t h e  s t a t e  of t h e  a r t  of 
redundant  system des ign  i n  terms of  f a i l u r e  t r a n s i e n t  e f f e c t s  ( f o r c e  summing 
s2rvo.s). 

Of t h e  t h r e e  des igns  desc r ibed ,  the Concorde approach a t tempts  t o  meet 
i nc reased  r e l i a b i l i t y  and s a f e t y  o b j e c t i v e s  wi th  t h e  s imples t  a l though somewhat 
compromised des ign .  Y e t ,  a s impler  des ign  i s  p o s s i b l e  i f  the automatic  c o n t r o l  
s i g n a l s  could be introduced i n  s e r i e s  through t h e  SAS channels  d i r e c t l y  t o  t h e  
c o n t r o l  su r f aces .  S ince  e l e c t r o h y d r a u l i c  c o n t r o l  i s  admit ted a s  a b a s i c  re -  
quirement f o r  manual c o n t r o l ,  why should t h i s  l i n k  be ignored f o r  automatic  
c o n t r o l ?  Th i s  is  a ph i losoph ica l  ques t ion  which can only be answered a s  a 
f u n c t i o n  o f  time. T r a d i t i o n a l l y ,  automst ic  c o n t r o l  has  opera ted  i n  p a r a l l e l  
w i t h  p i l o t  i n p u t s ;  that  i s ,  t h e  s t i c k  moves i n  response t o  a u t o p i l o t  commands. 
This  p i l o t ' s  a b i l i t y  t o  monitor t h e  performance of  t h e  a u t o p i l o t  i s  based t o  
s:ome e x t e n t  on h i s  i n t e r p r e t i n g  the c o n t r o l  s t i c k  motions. For example, i n  an 
au tomat ic  l and ing ,  the p i l o t  anxiously w a i t s  for the first s i g n s  of  f l a r e o u t  
i n i t i a t i o n  by a n t i c i p a t i n g  t h e  backward movement o f  t h e  c o n t r o l  s t i c k .  Ind ica-  
t i o n  t h a t  f l a r e o u t  has  commenced i s  a l s o  provided i n  t h e  form of  p rogres s  
annuncia tor  d i sp l ays .  Would a p i l o t  be conten t  t o  monitor automatic  system per-  
formance by observing p rogres s  annuncia tors  and f a i l u r e  warning d i s p l a y s ?  This  
is bo th  doi ibtful  a.nd. perha-ps undes j rab le .  The most s k i l l e d  p i l o t s  a r e  a l e r t  t o  
i d i o s y n c r a s i e s  of the a u t o p i l o t  con t ro l s  and can  o f t e n  i n t e r p r e t  performance 
anomalies be fo re  f a i l u r e  d e t e c t i o n  equipment can i d e n t i f y  a malfunct ion.  I n  t h e  
p r e s e n t  e r a ,  when major new demands are being imposed on the au tomat ics ,  t h e r e  
may be some advantage t o  provid ing  the p i l o t  w i th  the  a d d i t i o n a l  in format ion  
r ega rd ing  what t h e  a u t o p i l o t  i s  a c t u a l l y  doing. However, a f t e r  s e v e r a l  more 
y e a r s  o f  exper ience  and acceptance of t h e  l a r g e r  r o l e  o f  automatic  c o n t r o l s ,  t h e  
a l l  se r ies  a u t o p i l o t  may be introduced wi thou t  too  much cont roversy .  Indeed,  
t h e  m i l i t a r y  has  been accept ing  s e r i e s  a u t o p i l o t s  wi th  l i m i t e d  a u t h o r i t y  f o r  
some time. Here, t h e  t r end  i s  t o  open up t h e  a u t h o r i t y  l imits .  F u l l  a u t h o r i t y  
s e r i e s  a u t o p i l o t s  and a l l  f ly-by-wire c o n t r o l s  are expected t o  e v e n t u a l l y  become 
s t a t e  o f  t h e  a r t .  A t  t h a t  t ime, major s i m p l i f i c a t i o n s  i n  an a i r c r a f t ' s  f l i g h t  
c o n t r o l s  w i l l  be a t t a i n a b l e .  
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D. IMPLICATIONS OF SST ELECTRONIC FLIGHT CONTROLS 
ON ALL WEATHER LANDING SYSTEMS 

1. The SST primary f l i g h t  c o n t r o l s  w i l l  depend upon e l e c t r o n i c  command sys- 
tems t o  t r a n s m i t  c o n t r o l  information t o  the su r face  a c t u a t o r s .  Both t h e  auto- 
p i l o t  and the  manual i npu t s  a r e  t r ansmi t t ed  through e s s e n t i a l l y  t h e  same 
e l e c t r o n i c  and e l e c t r o h y d r a u l i c  l i n k s .  

2. These primary f l i g h t  c o n t r o l  e l e c t r o n i c  and e l e c t r o h y d r a u l i c  l i n k a g e s  
a r e  configured f o r  f a i l - o p e r a t i o n a l  c a p a b i l i t y .  They a l l  make p r o v i s i o n  f o r  
i n t e r f a c i n g  wi th  t r i p l e x  a u t o p i l o t s .  The i n c l u s i o n  of t he  automatic landing 
modes w i t h i n  t h e  a u t o p i l o t  w i l l  t h e r e f o r e  provide an inhe ren t  f a i l - o p e r a t  ional  
automatic l and ing  system i f  t he  necessary sensor  redundancy s t r u c t u r e  i s  a l s o  
PI’ 3vided. 

3. Questions r ega rd ing  r e l i a b i l i t y  advantages of manual v e r s u s  automatic 
landing techniques become i r r e l e v a n t  i n  an a i r c r a f t  t h a t  i s  t o t a l l y  committed t o  
e l e c t r o n i c  primary c o n t r o l s  f o r  p r e c i s i o n  f l i g h t .  Most of t he  complexity and 
r e l i a b i l i t y  hazard of t h e  automatic system w i l l  a l s o  be i n  the  p a t h  of the 
manual i npu t s .  



SECTION I X  

INTEGRATED D I G I T A L  AVIONICS 

A. INTRODUCTION 

The a i r b o r n e  d i g i t a l  computer looms a s  t h e  major element of f u t u r e  automatic 
f l i g h t  c o n t r o l  systems, but t h e  r a t i o n a l i z a t i o n s  f o r  i t s  use  a r e  o f t e n  misunder- 
stood. I n  t h e  1967 s t a t e  of t h e  a r t  o f  commercial t r a n s p o r t  a v i o n i c s ,  t he  a i r -  
borne d i g i t a l  computer has  found i t s  most s i g n i f i c a n t  a p p l i c a t i o n  i n  t h e  I n e r t i a l  
Navigat ion Systems. Other a i r c r a f t  subsystems employ so-cal led d i g i t a l  tech-  
n iques ,  bu t  t h e s e  do not  involve t h e  g e n e r a l  purpose computer t h a t  r e p r e s e n t s  
t he  maximum p o t e n t i a l  o f  d i g i t a l  technology. Most of t o d a y ' s  automatic f l i g h t  
c o n t r o l  dev ices  use analog c o n t r o l  techniques wi th  s p e c i a l  purpose d i g i t a l  l o g i c  
sys tems. 

To many c o n t r o l s  eng inee r s ,  t he  most impressive a spec t  of t he  d i g i t a l  com- 
p u t e r  seems t o  be i t s  computation power and v e r s a t i l i t y .  This  viewpoint o f t e n  
l e a d s  t o  an erroneous p e r s p e c t i v e  of a d i g i t a l  f l i g h t  c o n t r o l  system. The ten-  
dency i s  t o  s tudy methods of implementicg d i g i t a l  c o n t r o l  laws f o r  t he  a u t o p i l o t  
func t ion .  The f a l l a c y  of such an approach i s  the  minor r o l e  the c o n t r o l  law 
f u n c t i o n  p l ays  i n  a u t o p i l o t  av ion ic s .  Th i s  i s  i l l u s t r a t e d  i n  f i g u r e  9-1 t h a t  
shows t h e  r e l a t i v e  complexity of t h e  v a r i o u s  func t ions  t h a t  comprise an e l e c -  
t r o n i c  f l i g h t  c o n t r o l  system. It i s  seen t h a t  c o n t r o l  law computation i s  a ve ry  
minor p a r t  of t h e  e l e c t r o n i c  f l i g h t  c o n t r o l s .  I t  r anges  from such u t t e r l y  simple 
dev ices  such as  summing r e s i s t o r s  t h a t  provide t h e  v a r i a b l e  weighting of t h e  
d i f f e r e n t  feedback terms t o  r e l a t i v e l y  complex, a c t i v e  compensators. Thus, i f  
our r a t i o n a l i z a t i o n  t o  use  a d i g i t a l  conputer i n  an a u t o p i l o t  mechanization i s  
the  d e s i r e  t o  u s e  i t s  computation c a p a b i l i t y ,  we wouid r e p i a c e  only about 5 per-  
cen t  of t h e  more convent ional  analog a u t o p i l o t  w i t h  a d i g i t a l  computer. The 
s i g n a l  p rocess ing  and power a m p l i f i c a t i o n  f o r  d r i v i n g  a c t u a t o r s  and l e v e l  
changing for opera t ing  power switches,  annunc ia to r s ,  e t c ,  would obviously s t i l l  
be r e q u i r e d .  Indeed , t h e  s i g n a l  processing equipment r e q u i r e d  t o  i n t e r f a c e  the  
i n p u t  and ou tpu t  devices  wi th  a d i g i t a l  computer can be more complex than  the  
e n t i r e  analog a u t o p i l o t .  

I f  t h e  a i r b o r n e  d i g i t a l  computer does n o t  f a r e  w e l l  i n  a complexity t r a d e o f f  
w i th  the  analog mechanization o f  e l e c t r o n i c  f l i g h t  c o n t r o l  systems, why i s  i t  
viewed wi th  such keen i n t e r e s t  and enthusiasm by t h e  a v i a t i o n  i n d u s t r y ?  The 
answer t o  t h i s  ques t ion  does not  appear i n  a comparison w i t h  the more s o p h i s t i -  
ca t ed  of p r e s e n t  day a u t o p i l o t s .  It appears when we consider  t h e  p o s s i b i l i t i e s  
of automating f l i g h t  c o n t r o l  func t ions  and no t ing  t h a t  p r e s e n t  day automatic  
c o n t r o l  l oops  do not  r e a l l y  r e p r e s e n t  automation. The t a s k s  of s e l e c t i n g  con- 
t r o l  modes, s e t t i n g  r e f e r e n c e  p o i n t s ,  t un ing  r a d i o  nav iga t ion  dev ices ,  monitoring 
many ins t rumen t s  f o r  s t a t u s  d e s c r i p t i o n s  and warning i n d i c a t i o n s ,  and ope ra t ing  
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v a r i o u s  manual c o n t r o l s  i n  p r e c i s e l y  timed sequences a r e  major p i l o t  chores.  
They become e s p e c i a l l y  p re s s ing  during b l i n d  landing  ope ra t ions .  The s u b s t i t u -  
t i o n  of some automatic  f o r  manual c o n t r o l s  i n  a l l  weather landing  procedures  
h a s  n o t  t r u l y  r e l i e v e d  t h e  p i l o t  of h i s  workload. It  has  rep laced  some of t he  
human servomechanism func t ions  , but has increased  t h e  v i s i l a l  workload a s soc i -  
a t e d  w i t h  monitor ing ins t ruments  , i n d i c a t o r s ,  and d e v i c e s ,  and increased  the 
t a s k  of s e t t i n g  d i a l s ,  e t c .  An automated landing  f l i g h t  c o n t r o l  system would be 

one t h a t  performs t h e  mul t i tude  of d a t a  i n p u t ,  mode c o n t r o l ,  and sequencing 
o p e r a t i o n s  a f t e r  r ece iv ing  a s i n g l e  i n s t r u c t i o n  from t h e  p i l o t .  To achieve t h i s  
l e v e l  of automation, t he  programming and d a t a  s t o r a g e  c a p a b i l i t y  of t h e  gene ra l  
purpose d i g i t a l  machine i s  e s s e n t i a l .  P re sen t  day e l e c t r o n i c  f l i g h t  c o n t r o l  
systems can perform a v a r i e t y  o f  s o p h i s t i c a t e d  c o n t r o l  t a s k s ,  bu t  they  a r e  not  
compat ible  wi th  t h e  concepts  of i n s e r t i n g  a d a t a  card corresponding t o  t h e  land-  
ing  a i r p o r t  and thereby  i n i t i a t i n g  the e n t i r e  sequence of a c t i o n s  r equ i r ed  t o  
guide and c o n t r o l  t h e  a i r c r a f t  t o  touchdown. I t  i s  only  w i t h  t h i s  l e v e l  of auto-  
mation t h a t  t h e  p i l o t  can t r u l y  assume t h e  r o l e  of systems manager. 

The d i s c u s s i o n s  which fo l low cons ider  the o r g a n i z a t i o n  o f  av ion ic s  sub- 
systems needed t o  achieve automated landing f l i g h t  c o n t r o l s .  The problem i s  
obvious ly  not  solved merely by i n s t a l l i n g  and programming a d i g i t a l  computer. 
That computer must have a two-way communicating i n t e r f a c e  w i t h  many sens ing  and 
c o n t r o l  subsystems. This  d i f f e r s  f r o m  t h e  p r e s e n t  s t a t e  of t h e  a r t  where com- 
municat ion p a t h s  a r e  e s s e n t i a l l y  one way; t h a t  i s ,  from t h e  senso r s  t o  c o n t r o l  
computers. I n  t h e  automated system, t h e  computer must have t h e  c a p a b i l i t y  of 
address ing  and c o n t r o l l i n g  t h e  sensors .  For example, i t  should be a b l e  t o  
i n i t i a t e  sensor  s e l f - t e s t s ,  remotely s e l e c t  nav iga t ion  r e c e i v e r  channels ,  s e t  
t h e  a i r c r a f t ' s  heading or o t h e r  f l i g h t  p a t h  r e f e r e n c e ,  and v e r i f y  t h e  completion 
z f  v a r i o u s  c o n t r n l  a c t i o n s ,  This  r equ i r e s  an ex tens ive  systems i n t e g r a t i o n  
e f f o r t .  I t  i s  t h i s  i n t e g r a t e d  d i g i t a l  a v i o n i c s  e f f o r t  t h a t  i s  t h e  s u b j e c t  of 
t h e  ensuing d i scuss ions .  

B. THE ANALOG VERSUS D I G I T A L  TRADEOFFS 

The analog v e r s u s  d i g i t a l  t r adeof f  s tudy  i s  a r i t u a l  e x e r c i s e  performed w i t h  
i n c r e a s i n g  frequency by t o d a y ' s  des igne r s  of  e l e c t r o n i c  f l i g h t  c o n t r o l  systems. 
These t r a d e o f f s  compare systems on the b a s i s  o f  t h e  fo l lowing:  

0 c o s t  
0 Size-Weight 
0 Complexi ty-Rel iab i l i ty  
0 Accuracy and o t h e r  a s p e c t s  o f  performance 
0 F l e x i b i l i t y  and growth p o t e n t i a l  

Unless  such s t u d i e s  are d i r e c t e d  toward ve ry  s p e c i f i c  requi rements  and pe r -  
formance o b j e c t i v e s  they  tend t o  be s u p e r f i c i a l  and hence,  l i k e  many t r adeof f  
s t u d i e s ,  are used t o  r a t i o n a l i z e  a t e c h n i c a l  p r e j u d i c e  o r  i n t u i t i o n  or t o  
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j ; i s t i f y  a previous commitment t o  a s p e c i f i c  approach. 
t h i s  r e p o r t  t o  conduct t r a d e o f f  s t u d i e s  regarding the choice of analog or d i g i t a l  
computers f o r  a l l  weather landing or o the r  e l e c t r o n i c  f l i g h t  c o n t r o l  func t ions .  
However, t h e  t r e n d s  a s soc ia t ed  wi th  these s t u d i e s  w i l l  be reviewed b r i e f l y .  

I t  i s  beyond the  scope of 

If we use  a s  a b a s e l i n e  a 1967 t r a n s p o r t  a i r c r a f t  automatic f l i g h t  c o n t r o l  
system and compare analog v e r s u s  d i g i t a l  computer implementat ions , t h e  fol lowing 
coilclusions a r e  u s u a l l y  obtained:  

0 The analog system wins t h e  c o s t ,  s i ze -we igh t ,  and complexity- 
r e l i a b i l i t y  t r a d e o f f s .  

0 From t h e  s t andpo in t  of accuracy and performance c r i t e r i a ,  t h e r e  i s  no 
s i g n i f i c a n t  advantage t o  e i t h e r  approach. While one would expect a 
d i g i t a l  computer t o  show accuracy advantages , t h i s  does no t  g e n e r a l l y  
occur i n  a c losed  loop c o n t r o l  a p p l i c a t i o n .  Accuracy i s  u s u a l l y  d i c -  
t a t e d  by the  t i g h t n e s s  of t he  c o n t r o l  loop and the  q u a l i t y  of t he  
measurement d a t a  ( s e n s o r s ) .  

0 From t h e  s t andpo in t  of f l e x i b i l i t y  and growth p o t e n t i a l ,  t he  d i g i t a l  
approach i s  s u p e r i o r ,  but  w i th  r e s e r v a t i o n s .  The r e s e r v a t i o n s  a r e  
based on the  f a c t  t h a t  software f l e x i b i l i t y  i s  not e a s i l y  achieved 
i n  a r e a l  time d i g i t a l  process  c o n t r o l  system. If  p r o v i s i o n  i s  not  
made i n  t h e  o r i g i n a l  programming f o r  subsequent a d d i t i o n s ,  then these  
changes are o f t e n  more expensive than hardware r edes igns .  

Desp i t e  t h e  b e t t e r  showing of the analog approach i n  c o s t ,  s i z e ,  and com- 
p l e x i t y ,  t he  d i g i t a l  system o f t e n  w i n s  i n  t hese  c a t e g o r i e s  by v i r t u e  of an 
i n t e r e s t i n g  machination involving the t r a d e o f f  ground r u l e s .  Here t h e  r u l e  i s  
t o  assume t h a t  a c e n t r a l  d i g i t a l  computer comes f o r  nothing because it i s  
a l r e a d y  a v a i l a b l e .  That i s ,  a computer may a l r e a d y  be onboard t o  perform some 
o t h e r  f u n c t i o n  and it  has  excess  computation c a p a b i l i t y .  
computer for t he  f l i g h t  c o n t r o l  computations? This reasoning i s  g e n e r a l l y  used 
today i n  t h e  des ign  of s p a c e c r a f t  c o n t r o l  systems. The f a c t  t h a t  t h e  d a t a  con- 
v e r s i o n  e l e c t r o n i c s  r e q u i r e d  t o  i n t e r f a c e  t h e  v a r i o u s  senso r s  w i t h  t h e  d i g i t a l  
computer a r e  u s u a l l y  more complex than the  analog c o n t r o l  system i s  a l s o  
countered by a s i m i l a r  r a t i o n a l i z a t i o n .  Data conversion equipment employing 
mul t ip l ex  techniques i s  a v a i l a b l e  f o r  o t h e r  f u n c t i o n s  and hence i t  i s  a l s o  
assumed t o  be a v a i l a b l e  f o r  t h e  f l i g h t  c o n t r o l  f u n c t i o n s  a t  almost zero pena l ty  
i n  c o s t ,  s i z e ,  or complexity. 

Thus, why not u se  t h a t  

The commitment of a d i g i t a l  computer t o  the  automated landing system concept 
r e s u l t s  i n  a s i m i l a r  e s c a l a t i o n  of func t ions  encompassed by t h e  computer. 
primary j u s t i f i c a t i o n  f o r  t h e  d i g i t a l  computer i s  i t s  a b i l i t y  t o  s t o r e  pro- 
grammed i n s t r u c t i o n s  i n  i t s  l a r g e  memory. However, once we have t r a n s m i t t e d  
t h e  p rocess  d a t a  t o  t h e  computer, the computation of t h e  c o n t r o l  laws r e p r e s e n t s  

The 
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a minor a d d i t i o n  t o  the  program. The d i g i t a l  computer, t h e n ,  r e a d i l y  encompasses 
the  f l i g h t  p a t h  s t e e r i n g  law func t ions  of an a u t o p i l o t .  These u s u a l l y  provide 
a t t i t u d e  command i n p u t s  t o  an a t t i t u d e  s t a b i l i z a t i o n  inne r  loop. While a 
moderately f a s t  computer* has t h e  c a p a b i l i t y  of providing the a t t i t u d e  
s t a b i l i z a t i o n  f u n c t i o n ,  t he  l a r g e  number of computations a s soc ia t ed  wi th  the  
h i g h e r  frequency a t t i t u d e  s t a b i l i z a t i o n  compensators does begin t o  make a s i g -  
n i f i c a n t  d e n t  on the  machine's capaci ty .  Also,  t he  a t t i t u d e  s t a b i l i z a t i o n  func- 
t i o n s  a r e  o f t e n  i n t i m a t e l y  t i e d  i n t o  the  flow of analog c o n t r o l  d a t a  through 
redundant f a i l - o p e r a t i o n a l  hydrau l i c  servo conf igu ra t ions .  I t  would be a f o r -  
midable t a s k  t o  i n t e r f a c e  redundant d i g i t a l  computers w i th  these  hydrau l i c  
c o n t r o l s .  Hence, a n a t u r a l  i n t e r f a c e  f o r  t h e  d i g i t a l  f u n c t i o n s  i s  a t  t he  a t t i -  
tude command p o i n t ,  but t h e r e  a r e  no overwhelming reasons why t h i s  i n t e r f a c e  can- 
not  be c l o s e r  t o  the  a c t u a t i o n  system, 

I n  t h e  analog ve r sus  d i g i t a l  t r a d e o f f s ,  an i n t e r e s t i n g  f a c t  regarding termi-  
nology should be noted. The analog systems a r e  a c t u a l l y  hybrid conf igu ra t ions  
i n  t h a t  t hey  u s e  a d i g i t a l  l o g i c  s t r u c t u r e  t o  program t h e  c o n t r o l  sequences. 
( I n  an inve r se  sense ,  t he  d i g i t a l  systems a r e  a l s o  hybrid i n  t h a t  t h e i r  i n p u t s  
s t a r t  as analog signals.**) The manner i n  which t h e  d i g i t a l  l o g i c  s t r u c t u r e  
i n t e r f a c e s  wi th  the  c o n t r o l  laws i s  i l l u s t r a t e d  i n  f i g u r e  9-2.  These l o g i c  
f u n c t i o n s  a r e  a c t u a l l y  implemented, in  1967 s t a t e - o f - t h e - a r t  a u t o p i l o t s ,  w i th  
d i g i t a l  m i c r o c i r c u i t s .  Three types of i n p u t s  a r e  shown. They a r e  as  fol lows:  

0 D i s c r e t e  commands obtained from mode s e l e c t i o n  switches,  c o n t r o l  
s e t s ,  e t c .  

0 Programming l o g i c  obtained from o t h e r  f u n c t i o n a l  modules, monitoring 
c i r c u i t s ,  e t c .  These i n p u t s  are generated by such devices  as th re sho ld  
or l e v e l  d e t e c t o r s ,  t iming c i r c u i t s ,  comparison monitors ,  and s e q u e n t i a l  
l o g i c  equat ions.  

0 I n t e r l o c k  l o g i c  from mechanical s t a t u s  devices .  These a r e  p a r t  of a 
g e n e r a l  c l a s s  of enabl ing l o g i c  f u n c t i o n s  obtained from d e t e n t  swi t ches ,  
mechanical t r a v e l  l i m i t  switches,  p r e s s u r e  operated swi t ches ,  e t c .  

* I n  t h e s e  d i s c u s s i o n s ,  a moderate computer having t h e  fol lowing minimum 
c h a r a c t e r i s t i c s  i s  assumed: Add T i m e  - below 10 microseconds; Mult iply Time - 
below 50 microseconds; Memory - minimum 4096 words; Word Length - 16 b i t s .  

**The d i g i t a l  sensor  i s  an e l u s i v e  ob jec t ive  t h a t  has no t  been achieved because 
i t  does no t  r e a l l y  e x i s t .  There are only d i f f e r e n t  techniques of analog en- 
coding t h a t  may l end  themselves t o  s impler  d i g i t a l  conversion equipment. I n  
t h i s  r e g a r d ,  i t  i s  noted t h a t  t h e  v a r i a b l e  frequency sensor  t h a t  i s  sometimes 
viewed as a n a t u r a l  analog for d i g i t a l  conve ra t ion  a c t u a l l y  involves  more 
complex d i g i t a l  conversion e l e c t r o n i c s  than  i s  r e q u i r e d  t o  encode a v o l t a g e  
analog. 

I 
I 
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The o p e r a t i o n s  encompassed by t h e  d i g i t a l  l o g i c  s t r u c t u r e  inc lude  s i g n a l  
l e v e l  changing from higher  v o l t a g e s  used i n  a i r c r a f t  i n t e r l o c k s  t o  lower l e v e l s  

t h a t  a r e  compatible w i t h  d i g i t a l  mic roe lec t ron ic  l o g i c  c i r c u i t r y .  The ou tpu t s  
a r e  h i g h  and low l e v e l  d i s c r e t e s  t o  l o g i c  c i r c u i t s  i n  o t h e r  f u n c t i o n a l  modules 
a s  w e l l  as t h e  d i s c r e t e s  t h a t  i n h i b i t ,  t r a n s m i t ,  o r  c o n t r o l  t h e  weighting o f  t h e  
analog c o n t r o l  s i g n a l s .  The l o g i c  equations a r e  solved i n  a continuous manner. 
Tne term l o g i c  s t r u c t u r e  i s  used t o  descr ibe t h i s  f u n c t i o n  because t h e  cont inu-  
ous n a t u r e  of t h e  process  does indeed y i e l d  t h e  equ iva len t  of a phys i ca l  s e t  of 
i n t e r c o n n e c t i o n s  through which c o n t r o l  i n fo rma t ion  i s  t r ansmi t t ed .  This i s  i n  
d i s t i n c t i o n  t o  t h e  s e q u e n t i a l  computation of t h e  c o n t r o l  l o g i c  f u n c t i o n s  when a 
f l i g h t  c o n t r o l  system i s  implemented wi th  a g e n e r a l  purpose d i g i t a l  computer. 
With t h e  g e n e r a l  purpose computer, t he  v a r i o u s  l o g i c  i n p u t s  (shown i n  f i g u r e  9 - 2 )  

m u s t  f i r s t  be converted t o  t h e  proper s i g n a l  l e v e l  and d i g i t a l  da t a  format used 
f o r  machine i n p u t s .  Then t h e  program m u s t ,  i n  gene ra l ,  s e q u e n t i a l l y  scan each of 
t h e  l o g i c  i n p u t s  and compute dec i s ions  every c y c l e  time. There a r e  v a r i a t i o n s  t o  
t h i s  scheme t h a t  might be followed. P r i o r i t y  i n t e r r u p t  l i n e s  may be used t o  
change a l o g i c  d e c i s i o n  only when t h e  i n p u t  s t a t u s  changes. This  r e q u i r e s  add i -  
t i o n a l  cond i t ion ing  of t h e  i n p u t  da t a  d i s c r e t e s  s o  t h a t  t h e y  t r a n s m i t  change of 
s t a t u s  as  w e l l  a s  s t a t u s .  Also, a l a r g s  number of t h e  i n p u t s  t o  a l o g i c  equa t ion  
a r e  t h o s e  designated "programming log ic"  i n  f i g u r e  9-2. This  d a t a  i s  obtained 
from t h e  computer i t s e l f  and would have t o  be scanned each cyc le  time t o  d e t e r -  
mine whether a change had occurred. 

The p o i n t  t o  be emphasized he re  i s  t n a t  t h e  p r e s e n t  day hybrid computing 
schemes, a s  i l l u s t r a t e d  i n  f i g u r e  9-2 ,  a r e  extremely e f f i c i e n t  i n  t h e i r  imple- 
mentat ion o f  l o g i c  computations. When t h e s e  computations m u s t  be perfarmed i n  
a g e n e r a l  purpose d i g i t a l  computer, t he re  a r e  c e r t a i n  p e n a l t i e s .  F i r s t ,  t h e  
coi>sumption of comp.;ter c a p a c i t y  i n  performing t h e s e  l o g i c a l  npe ra t ions  i s  s i g -  
n i f i c a n t  f o r  a multimode, modern a u t o p i l o t  system. The c a p a c i t y  problem i s  
aggravated by t h e  f a c t  t h a t  t h e  l o g i c  equa t ions  m u s t  be solved r e p e t i t i v e l y  a t  a 
f a i r l y  h igh  r a t e .  Then, i n  o r d e r  t o  prevent major d i s r u p t i o n s  of f u n c t i o n s  be- 
cause of p o s s i b l e  n o i s e  e f f e c t s  on a s i n g l e  i n p u t  d i s c r e t e ,  r a t h e r  e l a b o r a t e  
checking and redundant programs m u s t  be used. The r e s u l t  i s  t h a t  t h e  l o g i c  
f u n c t i o n s  t h a t  a r e  e a s i l y  implemented w i t h  p h y s i c a l  c i r c u i t r y  i n  t h e  hybr id  sys-  
tem of f i g u r e  9-2 cause ve ry  d i f f i c u l t  programming problems when implemented i n  
a g e n e r a l  purpose computer. This a spec t  of t h e  d i g i t a l  v e r s u s  analog t r adeof f  
i s  o f t e n  neg lec t ed  or underest imated i n  h u r r i e d  s t u d i e s  o f  t h e  problem. 

C. AUTOMATED ALL WEATHER LANDING AND INTEGRATED D I G I T A L  AVIONICS 

1. C e n t r a l  F l i g h t  Control  D i g i t a l  Computer 

The concepts of i n t e g r a t e d  d i g i t a l  a v i o n i c s  w i l l  be desc r ibed  w i t h  r e f e r -  
ence t o  a s p e c i f i c  systems approach, b u t  most o f  t h e  p r i n c i p l e s  a r e  s u f f i c i e n t l y  
g e n e r a l  t o  encompass many o t h e r  v a r i a t i o n s .  The s p e c i f i c  approach uses  a c e n t r a l  

9-5 



I1 
I 
I 
I 
IC 
I 
C 
I 
I 
1 
I 
1 
I 
I 
I 
I 
I 
I 
I 

d i g i t a l  computer f o r  f l i g h t  c o n t r o l  func t ions  exclusively.  F l i g h t  c o n t r o l  
f u n c t i o n s  inc lude  f l i g h t  p a t h  guidance, a t t i t u d e  c o n t r o l ,  t h r o t t l e  c o n t r o l s ,  
h 3 r i z o n t a l  and v e r t i c a l  s i t u a t i o n  d i s p l a y s ,  s t a t u s  annunc ia to r s ,  and a s soc ia t ed  
man-machine i n t e r f a c e  devices .  The func t ions  provided by t h e  d i g i t a l  computer 

a r e  a s  fo l lows :  

0 F l i g h t  p a t h  guidance law computations (and a t t i t u d e  c o n t r o l  i f  
war ran ted ) .  

0 Control  mode programming based on p i l o t  s e l e c t i o n  of s p e c i f i c  modes. 

0 Control  mode programming based on t h e  s e q u e n t i a l  a c t i v a t i o n  of 
s e l e c t e d  procedures and c o n t r o l  t a s k s .  These a r e  der ived from a 
s t o r e d  l i b r a r y  of f l i g h t  plans and ope ra t ions .  They a r e  s e l e c t e d  
by i n s e r t i n g  a p r e f l i g h t  or i n - f l i g h t  d a t a  card o r  t ape .  

0 Performance monitoring and t e s t i n g  of i n t e r f a c i n g  components. 

E l e c t r o n i c  d i s p l a y  computations - f l i g h t  d i r e c t o r  f u n c t i o n s ,  
p i c t o r i a l  d i s p l a y  pe r spec t ive  laws, alphanumeric annunciator  
messages, e tc .  

2. The C e n t r a l  Inpu t  Data Processor  

The t a s k  of an  i n t e g r a t e d  av ion ic s  system i s  t o  provide t h e  necessary 
c o m p a t i b i l i t y  between t h e  sensing or measurement equipment and t h e  computer on 
t h e  i n p u t  s i d e  of t h e  problem, and between t h e  computer and t h e  d i s p l a y s  and 
c o n t r o l s  on t h e  ou tpu t  s ide .  F igu re  9-3 i l l u s t r a t e s  t h e  a l l  weather l and ing  
da ta  flow i n  such a system. Note t h a t  i n  t h i s  block diagram, no demand i s  made 
on t h e  i n p u t  s enso r s  i n  terms of r e q u i r i n g  a s t anda rd ized  d i g i t a l  i n t e r f a c e .  
The s e n s o r s  can have analog o r  d i g i t a l  o u t p u t s  s i n c e  t h e  problem of c o m p a t i b i l i i y  
w i t h  t h e  computer i s  solved by t h e  Cen t ra l  Inpu t  Data P rocesso r  (CIDP) .  For 
example, t h e  I n e r t i a l  Navigat ion System (INS) w i l l  provide a s e r i a l -word ,  s e r i a l -  
b i t  i n t e r f a c e  w i t h  a l l  o t h e r  sugsystems i f  p r e s e n t  a i r l i n e  s t a n d a r d i z a t i o n  t r e n d s  
continue. This  da t a  w i l l  a l s o  be t r a n s m i t t e d  a t  a r e l a t i v e l y  slow r a t e  (about  
303 words pe r  second inc lud ing  i d e n t i f i c a t i o n  t a g ) .  The I n e r t i a l  Navigat ion 
System d a t a  r e q u i r e d  f o r  t h e  a l l  weather l and ing  f u n c t i o n s  w i l l  have t o  be proc- 
essed through a d i g i t a l - t o - d i g i t a l  (D/D)  conve r t e r  be fo re  i t  can be used by t h e  
c o n t r o l  computer. Thus, having a d i g i t a l  format does n o t  i n  i t s e l f  provide 
c o m p a t i b i l i t y  w i t h  t h e  d i g i t a l  computer. The d i g i t a l  format i s  used f o r  INS 
d a t a  because i t  i s  t h e  most e f f i c i e n t  method of t r a n s m i t t i n g  t h e  in fo rma t ion  
without  degrading t h e  accuracy. 

Another i n t e r f a c i n g  sensor i s  t h e  r a d i o  a l t i m e t e r .  P re sen t  day u n i t s  
provide dc analog outputs .  I f  t h e  r ad io  a l t i m e t e r  had t o  provide a d i g i t a l  
i n t e r f a c e  w i t h  t h e  computer, i t  would r e q u i r e  i t s  own a n a l o g - t o - d i g i t a l  (A/D) 
converter .  This  i s  an i n e f f i c i e n t  method of o b t a i n i n g  such a conversion because 
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mul t ip l ex ing  techniques permit a l a r g e  number of conversions by a s i n g l e  c e n t r a l  
A/D con-Jerter.  Noreover, s c a t t e r i n g  of da t a  sources  i n  va r ious  l o z a t i o n s  i s  a 
poor method of t r a n s m i t t i n g  t h e  da t a  t o  t h e  computer e f f i c i e n t l y .  The most 
e f f e c t i v e  method of r a p i d l y  t r a n s m i t t i n g  l a r g e  q u a n t i t i e s  of da t a  t o  a computer 
i s ,  i n  g e n e r a l ,  t h e  use of a c e n t r a l  i npu t  source t h a t  t r a n s m i t s  i n fo rma t ion  i n  
a s e r i a l -word ,  p a r a l l e l - b i t  format. Data t r a n s f e r  is c o n t r o l l e d  d i r e c t l y  by t h e  
computer and i s  i n  synchronism w i t h  the  Zomputer program. 

The C e n t r a l  Input  Data Processor (CIDP)  i s  t h e  system component t h a t  
a d a p t s  t h e  v a r i o u s  i n p u t  da t a  sources  t o  t h e  c e n t r a l  f l i g h t  c o n t r o l  d i g i t a l  com- 
pu te r .  The CIDP would be a s p e c i a l  purpose design f o r  each type of a i r c r a f t  
system. A s  shown i n  f i g u r e  9-3, i t  r e c e i v e s  d a t a  from t h e  v a r i o u s  AWL senso r s  
a s  w e l l  a s  o t h e r  f l i g h t  c o n t r o l  data  sources. It p rozesses  t h i s  da t a  f o r  use by 
t h e  computer, bu t  i t  a l s o  provides  an i n t e r f a c e  f o r  t r a n s m i t t i n g  in fo rma t ion  from 
t h e  computer back t o  t h e  senso r s  ( s e l f - t e s t  commands, for example). The CIDP 
a l s o  p rov ides  t h e  d a t a  processing f u n c t i o n  f o r  t h e  man-machine i n t e r f a c e s ;  t h a t  
i s ,  t h e  c o n t r o l  s e t s .  Included i n  t h i s  category is t h e  p o s s i b i l i t y  of a punched 
card i n p u t  f o r  s e l e c i n g  a s p e c i f i c  automsted landing program a s s o c i a t e d  w i t h  a 
given a i r p o r t .  The c o n t r o l  s e t ,  i n  t h i s  c a s e ,  would i n c l u d e  t h e  card r eade r  and 
l i n e  d r i v e r  e l e c t r o n i c s ,  but  t h e  CIDP would assemble t h e  i n s t r u c t i o n  words f o r  
t r a n s f e r  t o  t h e  computer and would inc lude  some o f  t h e  d a t a  checking and v e r i f i -  
c a t i o n  e l e c t r o n i c s .  

A s i m p l i f i e d  block diagram of s o s e  o f  t h e  f u n c t i o n s  performed i n  t h e  
CIDP i s  shown i n  f i g u r e  9-4. The f u n c t i o n s  i n c l u d e  s i g n a l  c o n d i t i o d n g  f o r  t h e  
ac  and dc analog i n p u t s  p r i o r  t o  t r ansmiss ion  t o  t h e  A/D c o n v e r t e r ' s  i n p u t  
mul t ip l exe r .  The A/D conve r t e r  output i s  a s t o r a g e  r e g i s t e r  t h a t  t r a n s m i t s  a 
p a r a l l e l  b i t  word t o  t h e  computer through dump g a t e s  t h a t  a r e  enabled by t h e  
i n p u t  c o n t r o l  u n i t .  When a data  word has  been encoded by t h e  A/D c o n v e r t e r ,  t h e  
i n p u t  c o n t r o l  u n i t  t r a n s m i t s  an  i n p u t  r e q u e s t  d i s c r e t e  t o  t h e  computer. A t  t h e  
proper t ime w i t h i n  t h e  computer 's  sequence of o p e r a t i o n s ,  i t  w i l l  read t h e  word 
and t r a n s m i t  an  i n p u t  acknowledge d i s c r e t e  t o  t h e  CIDP c o n t r o l  un i t .  This 
i n i t i a t e s  t r a n s f e r  of t h e  A/D encoding t o  t h e  nex t  data word, w i t h  t h e  c o n t r o l  
u n i t  a c t i v a t i n g  t h e  a p p r o p r i a t e  switching c i r c u i t s  a t  t h e  mul t ip l exe r .  
encoding i s  asynchronous w i t h  t h e  computer; bu t  encoding t ime is cons ide rab ly  
s h o r t e r  t h a n  t h e  computer 's  i n p u t  data word sampling t i m e .  For example, a 
t y p i c a l  A/D encoding t ime may be l e s s  t h a n  10 microseconds w h i l e  t h e  computer 
may sample da t a  words a t  1.0-mill isecond i n t e r v a l s .  

The A/D 

A s  shown i n  f i g u r e  9-4, o t h e r  i n fo rma t ion  i n  a d d i t i o n  t o  t h e  analog s i g -  
n a l s  m u s t  be encoded i n t o  t h e  proper computer i n p u t  da t a  format. S e r i a l  d i g i t a l  
da t a  of t h e  type  t r a n s m i t t e d  by t h e  I n e r t i a l  Navigat ion System i s  decoded i n  a 
s e r i a l  d a t a  r e c e i v e r  u n i t .  This  u n i t  e x t r a c t s  t h o s e  words of i n t e r e s t  from t h e  
se r i a l -word ,  s e r i a l - b i t  p u l s e  t r a i n  and s t o r e s  each word i n  a s e p a r a t e  r e g i s t e r .  
Note t h a t  t h e  updating of t h e s e  r e g i s t e r s  i s  asynchronous w i t h  both t h e  CIDP and 
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t h e  d i g i t a l  computer. Also, va r ious  d i s c r e t e  i n p u t s  a r e  encoded i n t o  p a r a l l e l  
b i t  words and s t o r e d  i n  one or more sepa ra t e  r e g i s t e r s .  The CIDP c o n t r o l  u n i t  
w i l l  t r a n s f e r  this data  t o  t h e  computer i n  t h e  same manner t h a t  data  from t h e  
A/D c o n v e r t e r  r e g i s t e r s  a r e  t r ans fe r r ed .  A s e p a r a t e  computer i npu t  channel may 
be used. I n  t h i s  case,  a d d i t i o n a l  input  r e q u e s t s  t o  t h e  computer would be 
t r a n s m i t t e d  f o r  t h e s e  words. However, f i g u r e  9-4 shows t h i s  group of r e g i s t e r s  
using t h e  same da ta  t r a n s f e r  channel a s  used by t h e  A/D converter  r e g i s t , e r .  
i n p u t  c o n t r o l  u n i t  s t e e r s  t h e  appropr i a t e  r e g i s t e r  p a r a l l e l  ou tpu t s  through t h e  
i n p u t  dump ga te s .  

The 

Another f u n c t i o n  of t h e  C I D P  i s  t o  encode f l i g h t  c o n t r o l  system d a t a  i n t o  
a s e r i a l -word ,  s e r i a l - b i t  format f o r  use by o t h e r  subsystems. This  i s  accoa- 
plishe3. i n  t h e  s e r i a l - d a t a  t r a n s m i t t e r  block shown i n  f i g u r e  9-4. 
words ob ta ined  from both t h e  A/D converter  and from t h e  d i g i t a l  computer. 
Because of t h e  asynchronous o p e r a t i o n  o f  t h e  A/D c o n v e r t e r  and t h e  d i g i t a l  com- 
p u t e r ,  t h e  problem o f  encoding t h e  data i n t o  synchronous s e r i a l  da t a  invo lves  
some compromises. A new word appears  i n  t h e  A/D r e g i s t e r s  a t  a r a t e  determined 
by t h e  d i g i t a l  computer 's  i n p u t  d a t a  sampling r a t e .  This r a t e  i s  a f u n c t i o n  o f  
t h e  o v e r a l l  r e a l - t i m e  o p e r a t i n g  program and i s  not  n e c e s s a r i l y  a f i x e d  r a t e .  I f  
t h e  computer r eads  i n p u t  words a t  1.0 m i l l i s e c o n d  i n t e r v a l s ,  then a complete 
s e r i a l  d a t a  word ( u s u a l l y  32 b i t  p o s i t i o n s  inc lud ing  i d e n t i t y  t a g ,  v a l i d i t y  b i t s ,  
p a r i t y  b i t ,  c o n t r o l  b i t ,  and blank pe r iod )  should u t i l i z e  l e s s  t han  1.0 m i l l i -  
second. That i s ,  t h e  c lock  r a t e  should be g r e a t e r  t h a n  32 KHz. However, t h e  
clock r a t e  should no t  be much g r e a t e r  t h a n  t h i s  va lue  because excess ive  w a i t i n g  
f o r  d a t a  can r e s u l t  i n  a loss of data  t r a n s m i s s i o n  e f f i c i e n c y .  The l a c k  of 
synchronism between t h e  s e r i a l  data  p u l s ?  t r a i n  and t h e  a v a i l a b i l i t y  of d a t a  
t o  be encoded and t r a n s m i t t e d  r equ i r e s  t h a t  some of  t h e  32 b i t  p o s i t i o n  s e r i a l  
da t a  words r a i s i n  blank =ccasionalJ.y, Since each s e r i a l  word con ta ins  i t s  own 
i d e n t i t y  t a g ,  t h e r e  i s  no requirement t h a t  t h e s e  words maintain a f i x e d  p o s i t i o n  
w i t h  r e s p e c t  t o  each o the r .  Hence, the o c c a s i o n a l  omission of a s p e c i f i c  word 
should n o t  cause any problems. 

I t  t r a n s m i t s  

Another f u n c t i o n  provided by t h e  CIDP, a s  shown i n  f i g u r e  9-4, i s  t o  
provide t h e  means of communicating i n s t r u c t i o n s  from t h e  computer back t o  t h e  
sensors .  For example, t e s t  commands t o  i n p u t  s enso r s  may be i n i t i a t e d  by means 
of i n s t r u c t i o n s  from t h e  computer; but i f  t h e  t e s t  s t i m u l i  a r e  analog v o l t a g e s ,  
t h e n  t h e  necessa ry  s i g n a l  g e n e r a t i o n  i s  accomplished w i t h i n  t h e  C I D P .  
computer ou tpu t  d a t a  l i n e  m u s t  be used f o r  t h i s  purpose. The ou tpu t  r e q u e s t  and 
ou tpu t  acknowledge exchanges of d i s c r e t e s  w i t h  t h e  computer a r e  s i m i l a r  t o  t h o s e  
of t h e  i n p u t  d a t a  i n t e r f a c e .  

Also, a 

3. The C e n t r a l  O u t p u t  Data Processor  (CODP)  

This  f u n c t i o n  i s  inc luded  i n  f i g u r e  9-3 as  a s e p a r a t e  i tem,  a l though  i t  
may be combined w i t h  t h e  C I D P .  I t s  primary purpose i s  t o  i n t e r f a c e  t h e  f l i g h t  



c o n t r o l  d i g i t a l  computer with t h e  analog p a r t s  of t h e  e l e c t r o n i c  f l i g h t  con- 
t r o l s ,  w i t h  a c t u a t i o n  systems, and with t h e  analog and d i g i t a l  f l i g h t  c o n t r o l  
d i s p l a y s .  The main f u n c t i o n s  provided a r e  D/A and D/D conversions,  as shown 
i n  f i g u r e  9-5. Three groups of D / A  converters  a r e  shown i n  t h i s  f i g u r e .  One 
group o b t a i n s  i t s  i n p u t  from a s e r i a l  d a t a  r e c e i v e r  which a c c e p t s  d i g i t a l  d a t a  
d i r e c t l y  from ano the r  subsystem. That i s ,  t h i s  information i s  no t  ob ta ined  
from t h e  f l i g h t  c o n t r o l  computer s o  t h a t  t h e r e  i s  no need t o  decode i t  i n  t h e  
CIDP. Serial-word, p a r a l l e l - b i t  d a t a  i s  ob ta ined  from t h e  f l i g h t  c o n t r o l  com- 
p u t e r  and converted i n  two groups. A h igh  accuracy group uses  s e p a r a t e  r e g i s t e r s  
and D/A conve r t e r s  f o r  each word. A l o w  accuracy group uses a s i n g l e  r e g i s t e r  
and D/A conve r t e r ,  bu t  mu l t ip l exes  the  d a t a  and s e q u e n t i a l l y  t r a n s m i t s  each 
analog s i g n a l  t o  s e p a r a t e  sample hold c i r c u i t s .  The D/D conversions inc lude  
such f u n c t i o n s  a s  b i n a r y  t o  BCD encoding and e l e c t r o n i c  c i r c u i t r y  needed t o  
d r i v e  d i g i t a l  readouts .  

4. Se l f -Tes t  LOODS 

F igu re  9-3 shows analog s i g n a l s  from t h e  c e n t r a l  ou tpu t  d a t a  processor  
being f e d  back t o  t h e  CIDP. This i s  p a r t  of a s e l f - t e s t  loop.  Such continuous 
s e l f - t e s t s  can be implemented i n  s e v e r a l  ways. One method encodes a f i x e d  
v o l t a g e  dummy s i g n a l  i n  t h e  CIDP's A/D conve r t e r ;  t r a n s m i t s  t h i s  s i g n a l  t o  t h e  
d i g i t a l  computer; compares t h e  va lue  i n  t h e  computer with t h e  expected value;  
i f  v a l i d ,  t r a n s m i t s  i t  t o  t h e  ou tpu t  where i s  i s  reconverted t o  an  analog v o l t -  
age and f e d  back t o  t h e  inpu t  where it i s  compared with t h e  o r i g i n a l  dummy 
analog vo l t age .  Other s e l f - t e s t  l o o p s  can a l s o  be employed t o  ensure t h e  
v a l i d i t y  of d i f f e r e n t  d a t a  processing f u n c t i o n s .  For  example, i n  a t e s t  mode 
c o n f i g u r a t i o n ,  t h e  s e r i a l  da ta  r e c e i v e r s  i n  f i g u r e s  9-4 o r  9-5may be connected 
t c  t h e  s e r i a l  d a t a  t r a n s m i t t e r  i n  f i g u r e  9-4, A word i s  t . ransmit ted ten t h e  
r e c e i v e r  where i t  may be s h i f t e d  o u t  s e r i a l l y  and compared b i t - b y - b i t  with t h e  
o r i g i n a l l y  t r a n s m i t t e d  word. This type of check may be made p e r i o d i c a l l y  while 
t h e  system i s  ope ra t ing .  

5. Al t e r n a t e  Data I n t e r f a c e  ConceDts 

The c o n f i g u r a t i o n s  desc r ibed  above a r e  based on t h e  use of c e n t r a l  d a t a  
p rocess ing  u n i t s  t h a t  permit  t h e  sensor and output  dev ices  t o  have nonstandard- 
i z e d  ana log  o r  d i g i t a l  formats .  There have been t r e n d s  toward t h e  use of 
s t anda rd ized  s e r i a l  d i g i t a l  i n t e r f a c e s  €or  a l l  subsystems and major components 
i n  r e c e n t  m i l i t a r y  a v i o n i c s  systems. If such a philosophy i s  a p p l i e d  t o  t h e  
AWL f l i g h t  c o n t r o l  problem, t h e  e l e c t r o n i c  complexity can become unreasonable.  
This  i s  i l l u s t r a t e d  i n  f i g u r e  9-6 where t h e  v a r i o u s  sens ing ,  o r  c o n t r o l  p rocess  
f u n c t i o n s  F1, F2 - - -, r e p r e s e n t  i n p u t s  t o  t h e  AWL f l i g h t  c o n t r o l  computer. A 
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s t anda rd ized  d i g i t a l  i n t e r f a c e  would n e c e s s i t a t e  one d i g i t a l  t r a n s m i t t e r  and 
more t h a n  one r e c e i v e r  f o r  each of these components. 
m i c r o c i r c u i t s  a r e  needed t o  implement a t r a n s m i t t e r  and r e c e i v e r  p a i r .  
appa ren t  t h a t  t h i s  type of complexity i s  not  warranted i f  a c e n t r a l  processing 
u n i t  can use common equipment t o  handle a group of components. 

Over 100 standard d i g i t a l  
I t  i s  

6. Ser ia l -Data  Transmission 

Although d a t a  t r a n s f e r  t o  t h e  d i g i t a l  computer i s  i n  a p a r a l l e l  b i t  
format (bu t  t h e  words a r e  s e r i e s ;  t h a t  i s ,  t r a n s m i t t e d  s e q u e n t i a l l y  r a t h e r  t han  
s imul t aneous ly ) ,  t h e  d i g i t a l  i n t e r f a c e  between systems and subsystems, when i t  
e x i s t s ,  i s  i n  a s e r i a l  b i t  format.  A main reason f o r  t h i s  approach i s  t h e  g r e a t  
saving i n  t h e  number of i n t e rconnec t ing  wires.  The key e l e c t r o n i c  components 
a s s o c i a t e d  with s e r i a l  d i g i t a l  d a t a  t r ansmiss ion  a r e  t h e  t r a n s m i t t e r s  and 
r e c e i v e r s .  A t y p i c a l  format con ta ins  32 b i t  p o s i t i o n s  i n  t h e  s e r i a l  p u l s e  
t r a i n  wi th  a l l o c a t i o n s  a s  fol lows:  

B i t  1 
B i t  2 

Co n t  r o 1 
Va 1 i d  i t y 

B i t s  3 t o  11 I d e n t i f i c a t i o n  t a g  
B i t s  1 2  t o  2 1  1 0 - b i t  deta word ( b i t  12  i s  l e a s t  

B i t  22 Sign b i t  
B i t  23 P a r i t y  
B i t s  24 t o  32 Blank 

s i g n i f i c a n t  b i t )  

F igu re  9-7 shows a t iming diagram f o r  one word. Note t h a t  p a r t  of t h e  i d e n t i -  
f i c a t i o n  code i s  a channel i d e n t i f i c a t i o n .  This i s  a p r o v i s i o n  f o r  redundant 
channel o p e r a t i o n  where d a t a  de r ived  from a l l  t h r e e  of a redundant s e t  of 
r a d i o  a l t i m e t e r s ,  f o r  example, a r e  t r ansmi t t ed  s e p a r a t e l y  on t h e  same l i n e .  
A block diagram of a s e r i a l  d a t a  t r a n s m i t t e r  i s  shown i n  f i g u r e  9-8. A t r a n s -  
m i t t e r  c o n s i s t s  of a 22-bi t  s e r i a l  s h i f t  r e g i s t e r ,  p a r a l l e l  i npu t  dump g a t e s ,  
and a p a r i t y  gene ra to r .  The dump gates  a r e  used t o  e n t e r  t h e  i d e n t i f i c a t i o n  
t a g  and d a t a  i n t o  t h e  s h i f t  r e g i s t e r .  During t h e  t r ansmiss ion  of a word, t h e  
22 b i t s  a r e  s h i f t e d  ou t  i n t o  t h e  data  l i n e  ( c o n t r o l  b i t  f i r s t ) .  Each d i g i t a l  
"1" s h i f t e d  ou t  i s  counted by t h e  p a r i t y  gene ra to r .  The twenty- third s h i f t  
p u l s e  enab le s  t h e  p a r i t y  gene ra to r  output which p l a c e s  e i t h e r  a "1" o r  a '1011 on 
t h e  ou tpu t  such t h a t  t h e  t o t a l  number Y ' s "  w i l l  be  odd. 

The da ta  i s  s h i f t e d  back i n t o  t h e  s h i f t  r e g i s t e r ,  delayed by one s h i f t  
p u l s e  a s  it i s  s h i f t e d  ou t .  Thus, a t  t h e  end of any word t r ansmiss ion ,  t h e  
t r a n s m i t t e d  word i s  s t i l l  p re sen t  i n  t h e  r e g i s t e r ,  b u t  d i s p l a c e d  by one b i t  
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p o s i t i o n .  
v a l i d i t y  checking. The checking may be done w i t h  t h e  dummy word (des igna ted  
word X )  t h a t  i s  encoded a s  a t e s t  word by t h e  mult iplexed A/D converter .  
t e s t  word i s  not  placed on t h e  d a t a  channel, b u t  could be f o r  checking r e -  
c e i v e r s  i f  des i r ed .  

This nondes t ruc t ive  readout i s  u t i l i z e d  i n  t h e  s e l f - t e s t i n g  and 

This 

A s i m p l i f i e d  block diagram of a d i g i t a l  d a t a  r e c e i v e r  i s  shown i n  
f i g u r e  9-9. It c o n s i t s  of two inpu t  b u f f e r  a m p l i f i e r s ,  a 23-bit  s h i f t  r e g i s t e r  
capable o f  s e r i a l  i npu t  and p a r a l l e l  o u t p u t ,  a synchronizing c o n t r o l ,  a p a r i t y  
g e n e r a t o r ,  good da ta  check, and con t ro l  g a t e s  and b u f f e r  s to rage  r e g i s t e r s .  
A r e c e i v e r  i s ,  i n  g e n e r a l ,  needed f o r  each s e r i a l  d a t a  t r a n s m i t t e r .  Also,  a 
b u f f e r  r e g i s t e r  i s  needed f o r  each word t h a t  a r e c e i v e r  i s  coded t o  accept .  
The t r a n s f e r  of data t o  a b u f f e r  r e g i s t e r  i s  enabled when t h e  fol lowing condi- 
t i o n s  a r e  met: 

0 The c o n t r o l  b i t  111" reaches t n e  l a s t  p o s i t i o n  o f  t h e  s h i f t  r e g i s t e r .  

0 The p a r i t y  gene rao t r  simultaneously produces a "1". 

0 The comparison of t h e  i d e n t i f i c a t i o n  word with a prewired code 
i n d i c a t e s  t h a t  a d e s i r e d  word h a s  been r ece ived .  

I t  i s  appa ren t  from t h e  complexity of t h i s  device t h a t  a n  i n t e g r a t e d  d i g i t a l  
a v i o n i c s  system should have a m i n i m u m  of s e p a r a t e  t r a n s m i t t e r s .  A s i n g l e  
t r a n s m i t t e r  o r  a t  l e a s t  a s i n g l e  synchronous d a t a  l i n e  would have advantages 
i n  reducing t h e  number of r e c e i v e r s ,  b u t  problems a s s o c i a t e d  with c e n t r a l  
synchron iza t ion  equipment and t h e  v u l n e r a b i l i t y  t o  d a t a  "hang-up" u s u a l l y  p re  
e ludes i t s  use i n  a complex system. 

I V U ~ ~ ~  nT-4 nn  3 I o  e 2 t r a d i t i c n a l  s 9 w c e  of  d i f f i c i u l t y  i n  d i g i t a l  d a t a  t ransmission.  

Corrupt ion of d a t a  by coupled s i g n a l s  from o t h e r  c i r c u i t s ,  power supply t r a n -  
s i e n t s ,  e t c ,  should be avoided; but  adequate p r o t e c t i o n  must be provided i f  
t h e s e  problems should occur .  For example, t h e  t r a n s m i s s i o n  (by means o f  f a i r l y  
h igh  powered l i n e  d r i v e s )  of t h e  data  and i t s  complement i s  one method of min- 
imizing n o i s e  problems. The d a t a  i s  r e c e i v e d  by d i f f e r e n t i a l  a m p l i f i e r s  t h a t  
provide common mode r e j e c t i o n  of noise pickup ( s e e  f i g u r e  9-9).  Opening of 
e i t h e r  i n p u t  w i l l  s t i l l  a l l o w  co r rec t  d a t a  t o  be r ece ived  al though t h e  no i se  
margin w i l l  be reduced. R e l a t i v e l y l o w  speed d a t a  t r a i n s  and t h e  t r e n d  toward 
h ighe r  v o l t a g e  i n t e r f a c e s  a l s o  he lp  minimize no i se  e r r o r s .  F i n a l l y ,  p a r i t y  
checking e l i m i n a t e s  a t  l e a s t  h a l f  of t h e  n o i s e  e r r o r s  t h a t  may occur  i n  t r a n s -  
mission.  In  ve ry  c r i t i c a l  a p p l i c a t i o n s ,  v a l i d i t y  checks can be made on t h e  
r ece ived  d a t a  using such c r i t e r i a  a s  t h e  incremental  change i n  t h e  d a t a  word. 
This r e q u i r e s  cons ide rab le  c i r c u i t r y  and should be avoided t o  minimize cos t  
and complexity. 
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7. Comuuter Organizat ion and Redundancv 

Since t h e  d i g i t a l  a u t o p i l o t  must have f a i l - o p e r a t i o n a l  c a p a b i l i t y  for 
a l l  weather l and ing ,  a redundant computer c o n f i g u r a t i o n  i s  mandatory. 
t h e  sensor  inpu t  d a t a  and t h e  c e n t r a l  d a t a  p rocesso r s  must be redundant. There 
a r e  many p o s s i b l e  c o n f i g u r a t i o n s  f o r  combining t h e s e  redundant elements t o  ob- 
t a i n  a f a i l - o p e r a t i o n a l  system c a p a b i l i t y .  These p o s s i b i l i t i e s ,  however, a r e  
p r i m a r i l y  conceptual f o r ,  as f a r  as  can be determined, no t r u l y  f a i l - o p e r a t i o n a l ,  
d i g i t a l  a u t o p i l o t  systems have been b u i l t .  
o soph ica l  advantages and disadvantages and f o r  c o m p a t i b i l i t y  with r e l i a b i l i t y  
o b j e c t i v e s  i n  a g ross  sense.  Only when a system i s  committed t o  t h e  d e t a i l e d  
design e f f o r t  r e q u i r e d  t o  implement the concepts a r e  t h e  r e a l  problem a r e a s  
p r o p e r l y  exposed t o  an  engineer ing eva laa t ion .  A s  po in ted  out  i n  t h e  p r i o r  
s e c t i o n  on R e l i a b i l i t y  and Redundancy ( S e c t i o n  V I ) ,  t h e r e  a r e  c e r t a i n  empi r i ca l  
p r i n c i p l e s  t h a t  c o n t r a d i c t  t h e  q u a n t i t a t i v e  t h e o r i e s  when redundant config- 
u r a t i o n s  a r e  under cons ide ra t ion .  When d e a l i n g  with redundant analog channels ,  
t h e  empi r i ca l  p r i n c i p l e  was t o  minimize i n t e r a c t i o n s  o r  connections between d i f -  
f e r e n t  channels.  I n  t h e  case of d i g i t a l  systems, t h e  tendency t o  cross-connect 
d a t a  between computers, s enso r s ,  and input-output  p rocesso r s  i s  appa ren t  i n  
many p re l imina ry  s t u d i e s  o f  redundant d i g i t a l  a u t o p i l o t  conf igu ra t ions .  Whether 
t h i s  p r a c t i c e  can l e a d  t o  unan t i c ipa t ed  complexity problems remains t o  be de- 
termined i n  t h e  d e t a i l e d  eng inee r ing  des ign  s t u d i e s .  

Moreover, 

Concepts can be examined f o r  p h i l -  

Some of t h e  gene ra l  f a c t o r s  regarding t h e  choice o f  a b e s t  approach 
can be i l l u s t r a t e d  with r e f e r e n c e  t o  t h e  conceptual redundancy diagrams shown 
i n  f i g - w e s  9-10a, b ,  and e. The s imples t  c o n f i g u r a t i o n  i s  t h e  d u a l ,  non in te r -  
connected (except  f o r  long-term e q u a l i z a t i o n )  combination of s e n s o r s ,  p rocesso r s ,  
and computers ( f i g u r e  9-10a). i t s  a b i l i t y  t o  provide a r a i l - o p e r a t i o n a l  
c a p a b i l i t y  i s  based on t h e  assumption t h a t  any f a i l u r e  w i t h i n  any element of a 
channel i s  i n t e r n a l l y  d e t e c t a b l e .  T h i s  s e l f - t e s t  c a p a b i l i t y  may be r a t i o n a l i z e d  
f o r  t h e  d i g i t a l  computer and t h e  input-output  d a t a  p rocesso r s ;  but t h e  v a l i d i t y  
of such an assumption i s  quest ionable  f o r  t h e  sensors .  
r a d i o  a l t i m e t e r  r eads  18.29 meters  (60 f e e t )  and t h e  o t h e r  r e a d s  16.46 meters  
(54 f e e t ) ,  and s e l f - t e s t  c i r c u i t s  i n d i c a t e  t h a t  o u t p u t s  of both u n i t s  a r e  v a l i d ,  
which a l t i m e t e r  should i n i t i a t e  t h e  f l a r e o u t  maneuver? The a b i l i t y  of sensor  
s e l f - t e s t  f u n c t i o n s  t o  d e t e c t  small  b i a s  e r r o r s  of t h i s  t ype  i s  d o u b t f u l  i n  t h e  
p r e s e n t  s t a t e  of t h e  a r t .  Hence, we a r e  compelled t o  add t h e  t h i r d  sensor  
and use averaging o r  mid-value vot ing techniques.  

For example, i f  one 

One v e r s i o n  of system growth t o  i n c l u d e  t r i p l e x  senso r s  i s  shown i n  
f i g u r e  9-lOb. A c o n f i g u r a t i o n  employing f u l l  t r i p l e x  s e n s o r s ,  p r o c e s s o r s ,  and 
computers i s  shown i n  f i g u r e  9-lOc. This  l a t t e r  c o n f i g u r a t i o n  i s  r e p r e s e n t a t i v e  
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of p r e s e n t  s t a t e - o f - t h e - a r t  techniques f o r  f a i l - o p e r a t i o n a l  analog a u t o p i l o t s .  
There i s  no doubt t h a t  f i g u r e s  9-loa and 9-lob r e p r e s e n t  more e f f e c t i v e  methods 
of ach iev ing  f a i l - o p e r a t i o n a l  c a p a b i l i t y  than  t h e  f u l l  t r i p l e x  system. The 
key ques t ion  i s  whether t h e  computers and t h e i r  i n t e r f a c i n g  e l e c t r o n i c s  can 
d e t e c t  t h e i r  own f a i l u r e s  by means of t h e i r  continuous self-checking r o u t i n e s .  
Obviously t h e y  car, d e t e c t  some f a i l u r e s ,  bu t  t h e  important cons ide ra t ions  a r e  
a s  f o l l o w s :  

0 How c l o s e  t o  100 percen t  e f f e c t i v e  a r e  t h e  self-checking r o u t i n e s ?  

0 How much programming t i m e  and/or equipment complexity i s  needed t o  
approach 100 percent  self-checking e f f e c t i v e n e s s ?  

The s i g n i f i c a n c e  of t h e s e  quest ions can be demonstrated by a q u a n t i t a t i v e  
example t aken  from a r e c e n t  Sperry Phoenix Company study on computer redundancy 
conf igu ra t ions .  The o b j e c t i v e  was t o  o b t a i n  a mission f a i l u r e  r a t e  of no more 
than  1 .7  x 
ana l and ing .  The dual  self-checking system ( s i m i l a r  t o  f i g u r e  9- lob)  was 
eva lua ted  i n  terms of computer and i n t e r f a c e  r e l i a b i l i t y  and self-checking 
e f f e c t i v e n e s s .  

f o r  t h e  a u t o p i l o t  during t h e  l a s t  4 minutes of t h e  approach 

The mission r e l i a b i l i t y ,  RM, f o r  t h e  system i s  given by 

RM = 1 - (Pch t )2  - 2(1 - P c ) h t  

where 

P c  = P r o b a b i l i t y  t h a t  a f a i l u r e  w i l l  be d e t e c t e d  by self-check 

h = Sing le  channel f a i l u r e  r a t s  

t = Mission t ime (4 minutes) 

F igu re  9-11 i s  a p l o t  of mission r e i i a b i i i t y  versus  cornputei- (and i n t e r f a c e  
e l e c t r o n i c s )  MTBF f o r  v a r i o u s  va lues  o f  self-check e f f i c i e n c y .  
i f  we assume a n  MTBF of 6000 hours  f o r  t h e  computer, t h e n  t h e  self-check must 
d e t e c t  a l l  f a i l u r e s  with a p r o b a b i l i t y  of 0.9995. 

For example, 

A!? MTBF of 6000 hours f o r  the computer and processor  e l e c t r o n i c s  i s  
probably beyond t h e  p r e s e n t  day s t a t e  o f  t h e  a r t .  Likewise,  self-checking 
(performance w i t h i n  m i l l i s e c o n d s )  with a 99.95-percent e f f e c t i v e n e s s  i s  probably 
beyond t h e  c a p a b i l i t y  of p r e s e n t  day computers. Self-check procedures  under 
c o n s i d e r a t i o n  inc lude  memory t e s t s  f o r  checking both t h e  f i x e d  and t h e  v a r i a b l e  
memories and t e s t s  f o r  checking t h e  a r i t h m e t i c  u n i t .  The memory sum t e s t  i s  
100-percent  e f f e c t i v e  i n  d e t e c t i n g  s i n g l e  f a i l u r e s  i n  t h e  f i x e d  memory, t h e  
r ead  e l e c t r o n i c s  and t h e  cores .  The v a r i a b l e  memory t e s t  d e t e c t s  a l l  f a i l u r e s  
i n  t h e  e l e c t r o n i c s  p o r t i o n  of t h e  v a r i a b l e  memory, but  no t  t h e  cores .  F a i l u r e  
of co res  i s  r a r e ,  and t h e  r e l a t i v e l y  small  number of them i n  t h e  v a r i a b l e  memory 
makes t h i s  f a c t o r  n e g l i g i b l e  compared t o  t h e  u n c e r t a i n t y  i n  t h e  a r i t h m e t i c  u n i t  
t e s t s .  

9-13 



I 
I 
I 
8 
I 
8 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
8 

/ 

0.9999 w 
OBjECTm 

Pc = PROBABILITY THAI A PAlLUIU 
WILL BE DRECTED BY 
SELF-CHECK 

0.9999 996 I i - --- 

0.9999 99 

0.9999 9 

= I - (Pc At)2 - 2(1 - Pc) At 

THOUSANDS OF HOURS 
COYWTER LCTBF 

FIWRE 9-11 
MISSION RELIABILITY VS COYWTER NBF FOR DUAL SELF-CHECKING SSTEM 



It i s  appa ren t  t h a t  t h e  imposi t ion of an extremely s t r i n g e n t  f a i l u r e  
p r o b a b i l i t y  such a s  1.7 x 
s t a t e  of t h e  a r t  of a v i o n i c s  equipment. Moreover, i t  should be noted t h a t  t h e  
p r a c t i c e s  employed i n  c e r t i f y i n g  automatic  equipment f o r  a l l  weather l and ing  
o p e r a t i o n s  have not recognized MTBF a s  a c r i t e r i o n  of r e l i a b i l i t y .  The emphasis 
has  been on s a f e t y  r e g a r d l e s s  o f  p r e d i c t e d  r e l i a b i l i t y .  Systems a r e  s c r u t i n i z e d  
f o r  p o s s i b l e  f a i l u r e  modes. I f  an  equipment f a i l u r e  can be p o s t u l a t e d  (with 
some r e a s o n a b l e n e s s ) ,  t h e n  it must be domonstrated t h a t  i t s  e f f e c t  w i l l  n o t  
compromise s a f e t y  o r  performance. Often, cons ide rab le  equipment may be added 
t o  e l i m i n a t e  a f a i l u r e  p o s s i b i l i t y  t h a t  can cause s a f e t y  o r  performance hazards .  
D i g i t a l  systems have not been s u b j e c t  t o  t h i s  t y p e  of s c r u t i n y  because t h e y  
have no t  y e t  progressed t o  t h e  p o i n t  where s p e c i f i c  hardware f a i l u r e s  can be 
i d e n t i f i e d  and evaluated.  Considerable r e s e a r c h  and experimental  hardware 
s t u d i e s  r e l a t i n g  t o  t h i s  type of problem must be done be fo re  t h e  i n t e g r a t e d  
d i g i t a l  a v i o n i c s  system can f u l f i l l  i t s  p o t e n t i a l  i n  automated a l l  weather 
l and ing  o p e r a t i o n s  . 

i n  4 minlites i s  p r e s s i n g  even t h e  e x t r a p o l a t e d  

The a r i t h m e t i c  and c o n t r o l  u n i t  r e p r e s e n t s  a more complex problem. It 
i s  e s t ima ted  t h a t  programs can be designed t o  d e t e c t  a t  l e a s t  99 pe rcen t  of 
f a i l u r e s  i n  t h i s  p a r t  of t h e  computer. Now, i n  o r d e r  t o  g e t  t h e  p r o b a b i l i t y  
of d e t e c t i n g  a f a i l u r e  up t o  0.9995, a d d i t i o n a l  independent t echn iques  a r e  
r e q u i r e d  t o  d e t e c t  p o s s i b l e  f a i l u r e s .  

There a r e  s e v e r a l  t echn iques  t h a t  may be used t o  i n c r e a s e  t h e  p r o a b i l -  
i t y  of d e t e c t i n g  f a i l u r e s .  The s implest  method i s  t o  complete a p rocess  o f  
v a l i d a t i o n  of a l l  computed q u a n t i t i e s  b e f o r e  t r a n s m i t t i n g  them o u t  of t h e  com- 
p u t e r .  A computed ou tpu t  i s  checked t o  ensure t h a t  i t s  magnitude, i t s  r a t e  of 
change, and i t s  a c c e l e r a t i o n  do not exceed expected l i m i t s .  The magnitude 
l i m i t  i s  most e a s i l y  achieved by s c a l i n g  so t h a t  t h e  l a r g e s t  computer number i s  
equal  t o  t h e  maximum value of t h e  v a r i a b l e .  Thus, no computer time i s  needed 
f o r  magnitude l i m i t i n g .  The r a t e  l i m i t  i s  achieved by ensuring t h a t  t h e  change 
i n  a parameter from one computation cycle  t o  t h e  next does not  exceed t h e  ex- 
pected value.  The a c c e l e r a t i o n  Of a computed q u a n t i t y  i s  determined by t ak ing  
t h e  d i f f e r e n c e  between t h e  q u a n t i t y  and t h e  value p r e d i c t e d  f o r  it by means 
of a simple l i n e a r  e x t r a p o l a t i o n .  Th i s  i s  checked a g a i n s t  a known l i m i t  b e fo re  
v a l i d a t i n g  t h e  da t a .  

D.  SUMMARY AND CONCLUSIONS 

1. Presen t  day automatic  f l i g h t  c o n t r o l  systems used f o r  a l l  weather l and ing  
o p e r a t i o n s  employ analog guidance and c o n t r o l  computations t h a t  a r e  programmed 
by i n t e r n a l ,  s p e c i a l  purpose,  d i g i t a l  l o g i c  elements.  These systems a r e  more 
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e f f e c t i v e ,  from t h e  s tandpoin t  of  cos t ,  s i z e ,  and performance, t han  competi t ive 
systems based on gene ra l  purpose d i g i t a l  computers i f  t h e  r equ i r ed  f u n c t i o n s  
a re  l i m i t e d  t o  t h o s e  be ing  performed by 1967 s t a t e -o f - the -a r t  systems. 

2. The advantage of a d i g i t a l  computer o r i e n t e d  a l l  weather landing  system 
i s  i t s  a b i l i t y  t o  provide  a l e v e l  o f  automation not  o b t a i n a b l e  wi th  s t a t e  o f  t h e  
a r t  ana log  type  systems. T h i s  t ype  of' automation could r e l i e v e  t h e  p i l o t  o f  
t h e  burden of performing a mul t i t ude  of s e q u e n t i a l  procedures  i n  t h e  d i a l - s e t t i n g  
ana switch-throwing ca tegory  now a s s o c i a t e d  w i t h  au tomat ic  landing  ope ra t ions .  

3. A d i g i t a l  a l l  weather landing  system appears  most reasonable  i f  t h e  
d i g i t a l  computer p rov ides  t h e  f l i g h t  c o n t r o l  f u n c t i o n s  f o r  o t h e r  phase of  an  
SST type  a i r c r a f t ' s  f l i g h t .  These func t ions  a r e  a s  fo l lows:  

0 F l i g h t  p a t h  guidance and con t ro l  and p o s s i b l e  a t t i t u d e  s t a b i l i z a t i o n .  

0 Control-mode programming from p i l o t  s e l e c t  i n p u t s  o r  from d a t a  ca rds  o r  
t a p e s  i n s e r t e d  p r i o r  t o  f l i g h t  o r  dur ing  f l i g h t .  

0 Performance monitor ing and t e s t i n g  o f  i n t e r f a c i n g  components. 

0 E l e c t r o n i c  d i s p l a y  computations. 

4. A major equipment i t em of such a system ( i n  a d d i t i o n  t o  t h e  d i g i t a l  com- 
p u t e r )  i s  a c e n t r a l  d a t a  p rocess ing  subsystem t h a t  a d a p t s  t h e  v a r i o u s  inpu t  da t a  
sou rces  t o  t h e  c e n t r a l  d i g i t a l  computer. There a r e  complexity d isadvantages  t o  
r e q u i r i n g  t h a t  t h e  i n p u t  s enso r s  have s t anda rd  d i g i t a l  i n t e r f a c e s .  The c e n t r a l  
d a t a  p rocesso r  p rov ides  t h e  necessary  i n t e r f a c e  c o m p a t i b i l i t y  and a l s o  encodes 
and t r a n s m i t s  a l l  important  f l i g h t  con t ro l  da t a  i n  a s t anda rd  d i g i t a l  format .  
This  l a t t e r  t r a n s m i s s i o n  i s  f o r  use by any o t h e r  a i r b o r n e  subsystem. 

5. The main t echno log ica l  problem a s s o c i a t e d  wi th  an i n t e g r a t e d  d i g i t a l  
f l i g h t  c o n t r o l  system invo lves  methods o f  achiev ing  t h e  necessary  r e l i a b i l i t y  and 
s a f e t y  f o r  au tomat ic  landing .  D i g i t a l  systems have a b e t t e r  se l f -checking  
c a p a b i l i t y  than  most ana log  type  systems, bu t  t h e  e f f e c t i v e n e s s s  of t h e  se l f -  
check i n  a s h o r t  t ime i n t e r v a l  must be h i g h e r  than p r e s e n t  day d i g i t a l  computers 
can provide  if t h i s  c a p a b i l i t y  i s  t o  be used success fu l ly .  Considerable  s tudy  
i s  r e q u i r e d  on t h e  engineer ing  problems a s s o c i a t e d  wi th  f a i l - o p e r a t i o n a l  d i g i t a l  
systems be fo re  accep tab le  redundant conf igu ra t ions  can be  def ined.  
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